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H I G H L I G H T S

G R A P H I C A L

A B S T R A C T

• eDNA is a powerful but underused monitoring tool for agricultural systems.
• eDNA surveys can provide classiﬁcations
for speciﬁc organisms and entire assemblages in substrates ranging from soil
to air.
• Monitoring with eDNA can help detect
and classify ecologically beneﬁcial and
harmful organisms in food production
systems.
• In silico, in vitro, and in vivo approaches
help overcome limitations and caveats
associated with eDNA analysis.
• When combined with traditional techniques, eDNA-based surveys can help improve monitoring for agricultural systems.
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A B S T R A C T

Global food production, food supply chains and food security are increasingly stressed by human population growth
and loss of arable land, becoming more vulnerable to anthropogenic and environmental perturbations. Numerous
mutualistic and antagonistic species are interconnected with the cultivation of crops and livestock and these can be
challenging to identify on the large scales of food production systems. Accurate identiﬁcations to capture this diversity
and rapid scalable monitoring are necessary to identify emerging threats (i.e. pests and pathogens), inform on ecosystem health (i.e. soil and pollinator diversity), and provide evidence for new management practices (i.e. fertiliser and
pesticide applications). Increasingly, environmental DNA (eDNA) is providing rapid and accurate classiﬁcations for
speciﬁc organisms and entire species assemblages in substrates ranging from soil to air. Here, we aim to discuss
how eDNA is being used for monitoring of agricultural ecosystems, what current limitations exist, and how these
could be managed to expand applications into the future. In a systematic review we identify that eDNA-based monitoring in food production systems accounts for only 4 % of all eDNA studies. We found that the majority of these eDNA
studies target soil and plant substrates (60 %), predominantly to identify microbes and insects (60 %) and are biased
towards Europe (42 %). While eDNA-based monitoring studies are uncommon in many of the world's food production
systems, the trend is most pronounced in emerging economies often where food security is most at risk. We suggest
that the biggest limitations to eDNA for agriculture are false negatives resulting from DNA degradation and assay

⁎ Corresponding author at: Trace and Environmental DNA (TrEnD) Laboratory, School of Molecular and Life Sciences, Curtin University, Perth 6102, WA, Australia.
E-mail address: joshua.kestel@postgrad.curtin.edu.au (J.H. Kestel).

http://dx.doi.org/10.1016/j.scitotenv.2022.157556
Received 28 March 2022; Received in revised form 29 June 2022; Accepted 18 July 2022
Available online 23 July 2022
0048-9697/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556

biases, as well as incomplete databases and the interpretation of abundance data. These require in silico, in vitro, and
in vivo approaches to carefully design, test and apply eDNA monitoring for reliable and accurate taxonomic identiﬁcations. We explore future opportunities for eDNA research which could further develop this useful tool for food production system monitoring in both emerging and developed economies, hopefully improving monitoring, and
ultimately food security.
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reliant on labour intensive processes (Kudoh et al., 2020; George et al., 2017;
Ashfaq et al., 2016). Indeed, manual identiﬁcations have historically been
the standard procedure for identifying meso- and macrofauna within soil
(Gerlach et al., 2013; Menta and Remelli, 2020), crop and animal pests/
pathogens (Tsoi et al., 2020; Vu et al., 2018), as well as pollinating species
(Macgregor et al., 2019; Pardo and Borges, 2020). Nevertheless, taxonomic
and specialist expertise are becoming increasingly rare, and the effort
required to identify organisms to species-level based on morphological
characteristics is often time-consuming. Upscaling such detections to
large agricultural and horticultural practices is often not economically viable, and some traditional monitoring methods are only effective for a small
fraction of the total diversity present (i.e. cultivating bacteria) (Bell et al.,
2016; Kudoh et al., 2020; Rappé and Giovannoni, 2003). Consequently, a
signiﬁcant barrier currently exists for efﬁciently detecting and classifying
soil, pest, and beneﬁcial species within food production systems. Increasingly, environmental DNA (eDNA) is being used as a tool to detect taxa
from trace DNA deposits, potentially offering a strong complement for
monitoring in agricultural ecosystems.
DNA-based approaches offer an efﬁcient means to characterise biodiversity, establish diversity thresholds, and to monitor community changes
as a result of activities or management decisions. Trace amounts of intracellular and extracellular DNA isolated and characterised from biological
substrates including; soil, scats (faeces), plant material, water, or air are
collectively referred to as environmental DNA (eDNA) (Levy-Booth et al.,
2007; Taberlet et al., 2012b). This also extends to DNA obtained from
bulk samples (e.g. a collection of whole insects from pitfall traps; see
Rasmussen et al., 2021; Young et al., 2021) (Taberlet et al., 2012a,
2012b; Taberlet et al., 2018). Once captured, the preserved, but often
degraded DNA provides a means to rapidly and accurately identify taxa
and survey biological communities (Ficetola et al., 2008; Taberlet et al.,
2007). When combined with High-Throughput Sequencing (HTS)

Global food production faces increasing threats from both environmental and human-induced stressors (Cole et al., 2018; Grafton et al., 2015;
Grubisic et al., 2018; Yue et al., 2020). These stressors have curtailed efforts
to meet the United Nations Sustainable Development Goal and reduce the
8.9 % of the global population that are currently malnourished (FAO,
2020; United Nation, 2015). The failure to reduce this malnutrition rate
has emphasised the challenge of achieving widespread access (physical, social and economic) to safe nutritious food, known as food security
(Isvilanonda and Bunyasiri, 2009; Sarkar et al., 2020; Torquebiau, 2016).
Improving global food security is a substantial challenge that will become
more difﬁcult to achieve as food production systems (used interchangeably
with agricultural systems) around the world are threatened by climate
change (Lesk and Anderson, 2021), loss of arable land (Hossain et al.,
2020), increases in water scarcity (Wada et al., 2016), greater threats
from pests and pathogens (Savary et al., 2019), and the loss of pollinating
species (Lippert et al., 2021). These threats will likely inﬂate global food
commodity prices, thereby further restricting food security to only those
who can afford it (Beydoun et al., 2011; Green et al., 2013; Pollard and
Booth, 2019). Responding and adapting to these emerging threats will
require a whole systems approach that strengthens current measures by
accounting for the inherent biological complexity within food production
systems.
Escalating global food demands will need to be met with further intensiﬁcation of production systems across agricultural and horticultural sectors
(FAO, 2020), production which relies upon a combination of soil health/
plant nutrition, suppression of disease pressure, and promotion of the presence of beneﬁcial organisms (i.e. nodulating bacteria, pollinators, etc.)
(Amari et al., 2021; Mbow and Rosenzweig, 2019; Potts et al., 2016). Detection and identiﬁcation of these mutualistic and antagonistic species is largely
2
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containing the homologous regions targeted using universal assays evolve
and mutate at different rates (see Kocher et al., 1989), no single universal
assay exists that can capture all prokaryotic or eukaryotic diversity within
a mixed biological environmental sample (Alexander et al., 2020). Instead,
multiple assays are often used to accurately capture the taxonomic diversity
and monitor community composition with eDNA samples (i.e. Makiola
et al., 2019). eDNA can provide rapid, scalable monitoring which can
support current techniques used for food production systems with bulked
samples and accurate molecular identiﬁcations.
A wide range of studies, mainly in natural ecosystems, have shown
eDNA barcoding and metabarcoding to be an effective taxonomic identiﬁcation tool for both micro- and macroorganisms (Buée et al., 2009; Clare
et al., 2021; Miya et al., 2020; Ruppert et al., 2019; Taberlet et al.,
2012a). Microbiologists were the ﬁrst to use DNA barcoding to target
uncultivable microorganisms (Hugenholtz and Pace, 1996). By the early
2000's, barcoding of bacterial, fungal and eukaryotic DNA based on cloning
technology had become common practice within microbiology, although
the term ‘eDNA’ was not used in the discipline until 2009 (Buée et al.,
2009; Rolf, 2005; Rondon et al., 2000). While for macroorganisms, the
ﬁrst applications of eDNA helped to reconstruct ancient plant and animal
communities from permafrost, ice cores and cave sediment (Haile et al.,
2009; Sonstebo et al., 2010; Willerslev et al., 2003). DNA–based assessment
of palaeoecological communities (both barcoding and metabarcoding)
provided higher taxonomic resolution compared to traditional identiﬁcation and survey techniques (Haile et al., 2009; Sonstebo et al., 2010;
Willerslev et al., 2003). These initial studies established eDNA tools as a
fast and efﬁcient means of classifying species assemblages directly from
environmental samples (Taberlet et al., 2012b). Such promise made the
application of eDNA for detecting extant biodiversity appealing, and it
was ﬁrst used to barcode tadpole DNA from aquarium water samples
(Ficetola et al., 2008). Since these initial studies, eDNA-based surveys

technologies, the large eDNA data volumes can provide a wealth of
information on, for example, community composition, food web dynamics,
animal diet, the recovery (or otherwise) of ecosystems following restoration,
and invasive or pest species presence/absence (Ruppert et al., 2019; Taberlet
et al., 2012b). A signiﬁcant strength of eDNA-based monitoring is the ability
to tailor surveys to detect either single species or whole biological communities.
Environmental samples may be targeted and ampliﬁed with either a
barcoding or metabarcoding approach depending on how many taxa are
of interest. DNA barcoding, otherwise known as “targeted-PCR”, provides
a single taxon identiﬁcation and is often used in combination with Sanger
sequencing, while eDNA metabarcoding targets many DNA fragments,
and therefore many taxa, from mixed biological samples, the ampliﬁed
fragments are then sequenced on an HTS platform, a process which is sometimes described as “metabarcoding” (Saccò et al., 2022). DNA barcoding
is frequently applied to eDNA samples with single-species probe assays
(i.e. Valentin et al., 2016), to determine the presence or absence of species
via quantitative PCR. In contrast, eDNA metabarcoding uses “universal”
primer sets (i.e. assays) to bind to a conserved homologous region of a
gene shared by numerous species or groups of taxa using PCR (i.e. Miya
et al., 2020) (Saccò et al., 2022). Subsequently, the variable region is ampliﬁed (known as an “amplicon”), arranged into libraries and sequenced on an
HTS platform (i.e. Illumina MiSeq, Oxford MinION, etc.), the millions of
short DNA sequences generated are ﬁltered using a bioinformatics pipeline
that can then be used to assess diversity by assigning taxonomic identiﬁcations, Operational Taxonomic Units (OTUs) (i.e. Jiang et al., 2014), or
Amplicon Sequence Variants (ASVs) (Callahan et al., 2016, 2017) (Fig. 1).
The choice of assay for both barcoding and metabarcoding depends on
the availability of reference sequences (i.e. Cytochrome c Oxidase subunit
I (COI) generally favoured for insects) as well as the presence and suitability
of a locus to target (Saccò et al., 2022). Unfortunately, because the genes

Fig. 1. An example workﬂow for eDNA-based monitoring to measure the species identity of a fungal pathogen infecting wheat (Triticum aestivum). Leaf samples are collected
from the infected plants (1), these samples may be placed on ice, or immediately processed for DNA extraction (2). Following extraction, the target DNA of interest, in this case
fungal DNA, is ampliﬁed with Polymerase Chain Reaction (PCR) using either species-speciﬁc or universal primers (3). The ampliﬁed products are then cleaned, puriﬁed and
arranged into libraries prior to sequencing on a High-Throughput Sequencing (HTS) platform (4). The reads generated are then ﬁltered using a bioinformatics pipeline (5) and
compared to reads from either online databases, or a custom Barcode Reference Library (BRL) to provide taxonomic identiﬁcations (6). Graphic created using BioRender.
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where microorganisms cannot be cultured easily using selective media
(i.e. ≥ 99 % of bacteria are estimated to be unculturable; Rappé and
Giovannoni, 2003) (see Sternhagen et al., 2020). Further, because of the
high levels of mechanisation in modern agriculture, there are opportunities
to integrate these eDNA-based sampling methods with existing machinery
and infrastructure to detect these species of interest. Information on these
generally ‘invisible’ organisms would enable better monitoring, and potentially better informed management for these species depending on their
relationship to the cultivated animal or plant of interest (i.e. controlled pesticide application, reduced fertiliser input, etc.) (Menta and Remelli, 2020;
Willcox et al., 2019). The ability to tailor eDNA sampling and speciﬁcity
according to the species, community or system of interest has enabled
non-invasive surveys in an array of different ecosystems and contexts,
although despite this promise, eDNA surveys have remained novel for the
ﬁeld of agriculture.
Applications of eDNA surveys have almost exclusively occurred within
natural ecosystems (Bohmann et al., 2014; Evans and Kitson, 2020;
Ruppert et al., 2019; Taberlet et al., 2012a). Few studies have used eDNA
in agricultural systems, although this is beginning to change (Fig. 2). As
far as we are aware, no systematic reviews of the applications of eDNA
barcoding and metabarcoding for food production systems have been conducted (Figs. 2 & 3); a signiﬁcant omission given that taxonomic identiﬁcations are necessary for monitoring in both natural and human-modiﬁed
ecosystems (Memmott et al., 2004; Van Elsas et al., 2002; Yue et al.,
2020). Here, we conducted a systematic review to identify the current
uses of eDNA-based monitoring in agriculture, the substrates and organisms
routinely being targeted, and the geographical distribution of these studies.
We also stress the most relevant challenges for implementing eDNA methods
into food production systems and highlight the current and emerging solutions available. The complexities present within the eDNA workﬂow have
merited numerous reviews over the last decade (i.e. Ruppert et al., 2019;
Taberlet et al., 2012b, 2018). Within the constraints of this review we have
omitted extensive discussions on eDNA sampling (see Dickie et al., 2018),
primer selection (see Schenekar et al., 2020) and bioinformatics (see
Mathon et al., 2021), all of which have been reviewed elsewhere. Finally
we explore future applications of eDNA-based monitoring, what components

have been expanded to monitoring a wide range of animal (Lesk and
Anderson, 2021), plant (Yoccoz et al., 2012), fungal (Yan et al., 2018), prokaryotic (Caldwell et al., 2015) and viral communities (Miaud et al., 2019).
With this expansion however, an increasing awareness of the limitations of
the technology has emerged. For instance, the basic biological processes
that “feeds” DNA into the environment and the physical and chemical processes that determine its persistence in terrestrial, aquatic and aerial environments remain largely unexplored (Deiner et al., 2017). Further, not all
taxonomic groups can be differentiated with commonly ampliﬁed barcoding
regions such as COI, and false negatives (taxa present but genetically
misclassiﬁed as absent), as well as false positives (taxa absent but genetically
misclassiﬁed as present) are persistent issues in this research ﬁeld (Deagle
et al., 2014; Deiner et al., 2017; Ficetola et al., 2015). These caveats highlight that although eDNA surveys are a powerful molecular tool, they will
not apply equally well to all ecosystems (Deiner et al., 2017; Taberlet
et al., 2012b). In spite of these limitations, it remains necessary to continually test where eDNA is applicable and what targeted approaches for
sampling and species detections are possible to further increase its utility
for food production systems.
Traditional monitoring for agriculture has proved challenging to scale
and is sometimes impossible because the majority of organisms cannot be
cultivated or are difﬁcult to rear (Kudoh et al., 2020; Rappé and
Giovannoni, 2003). Detecting species from trace amounts of DNA or from
a single bulked environmental sample offers an efﬁcient, reproducible
and cost-effective alternative (Kudoh et al., 2020; Valentin et al., 2018;
Littlefair et al., 2016). For instance, manually testing individual plants or
animals in large consignments for pests and diseases is often logistically impossible given time constraints and associated costs (Brunner, 2020;
Ceresini et al., 2019). While for eDNA, one bulked sample (made up of
many sub samples) provides a presence/absence measure for the entire
consignment, allowing for a rapid general assessment (i.e. targeting Khapra
beetle (Trogoderma granarium) in shipping containers using a speciesspeciﬁc assay; see DAWE, 2021) (Brunner, 2020; Valentin et al., 2018).
eDNA-based detections can also be tailored for economically-important
species or entire communities where morphology-based identiﬁcation has
proved problematic (see Aloo et al., 2020; Macgregor et al., 2019), and

Fig. 2. Applications of eDNA-based surveys in natural and agricultural systems. Applications are based on the papers found during systematic review (Table 1). Yellow boxes
designate applications of eDNA which are used in natural systems and are emerging in food production systems. Images captured by Joshua Kestel.
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Fig. 3. Panel A; Global distribution of agricultural and horticultural eDNA studies (45). The taxa targeted are symbolised next to the number of studies in each country, not
including duplicates. The 2* designates the two studies which used eDNA for agricultural purposes in various countries in Europe. Panel B; left; taxa targeted for each study,
clockwise; plants (13 %), insects (33 %), fungi (20 %), microorganisms (27 %), and review (7 %). Right; substrates sampled for eDNA within agricultural and horticultural
context, clockwise; soil (24 %), insects (19 %), plant material (36 %), water (5 %), air (7 %), and other (9 %). Graphic generated in BioRender.

provide a snapshot of the trends, emerging research and future directions
for the ﬁeld.
Three searches were undertaken, the ﬁrst to determine the total number
of eDNA studies, the second to specify the number of eDNA studies relevant
to food production systems, and the third to identify the number of total soil
DNA papers potentially missed from the ﬁrst two searches. The ﬁrst search
used the terms; (‘eDNA’ OR ‘environmental’) AND ‘DNA’ AND (‘barcode’
OR ‘barcoding’ OR ‘metabarcode’ OR ‘metabarcoding’) to target all eDNA
studies in the literature. For the second search, the terms (‘eDNA’ OR ‘environmental’) AND ‘DNA’ AND (‘barcode’ OR ‘barcoding’ OR ‘metabarcode’
OR ‘metabarcoding’) AND (‘agriculture’ OR ‘agricultural’ OR ‘horticulture’
OR ‘horticultural’) were used to target eDNA studies relevant to terrestrial
food production systems, speciﬁcally agriculture and horticulture. Although
not included in this review, we sought to quantify the number of soil microbial papers that use the eDNA workﬂow, but not necessarily the terms ‘eDNA’
or ‘environmental DNA’. As such, a third search using the terms; (‘extracellular’ OR ‘environmental’) AND (‘DNA’ OR ‘eDNA’) AND ‘soil’ AND (‘agriculture’ OR ‘agricultural’ OR ‘horticulture’ OR ‘horticultural’) AND NOT
‘metagenomics’ was conducted in SCOPUS generating 1022 results (Fig. 4).
The ﬁrst search for all eDNA studies generated 2215 results, and the second search of eDNA studies relevant to food production systems generated
107 results. These results were then checked manually to determine relevance. Of the 2215 results, 1076 (48 %) were deemed relevant for eDNA
generally (i.e. studies which used eDNA-based surveys, either single species

of agriculture are currently unexplored, and how to increase the accessibility
of this technology to facilitate greater use in food production systems for both
developed and emerging economies.

2. Methods
Literature searches were conducted on SCOPUS up to 6th of January
2022. The SCOPUS database was chosen because it offers greater coverage
for the subjects relevant to eDNA, the life sciences and biomedicine, when
compared to the Web of Science (Mongeon and Paul-Hus, 2016; VeraBaceta et al., 2019). The term ‘eDNA’ entered the mainstream scientiﬁc
literature nearly a decade after DNA metabarcoding became commonplace
for the soil sciences (see Buée et al., 2009), where inconsistent and changing terms are used for molecular studies of soil microbial communities
(i.e. sed-eDNA, eDNA, metabarcoding, meta-barcoding, amplicon, tagsequencing, total soil DNA, etc.). It was beyond the scope of this review
to classify (e.g. geographic location, target taxa etc.) the many thousands
of soil microbial community studies that utilise the eDNA workﬂow but
not the terminology ‘environmental DNA’ or ‘eDNA’ as this is a review in
itself, and has been done many times previously (e.g. Imfeld and
Vuilleumier, 2012; Pankhurst et al., 1996; Rolf, 2005; Schloter et al.,
2018; Trivedi et al., 2016). We therefore caution that this review is nonexhaustive in the context of soil microbial community analysis, but does
5
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Fig. 4. Cumulative number of eDNA studies in both natural (terrestrial and aquatic) and food production systems (N = 1076) (All eDNA research), agricultural eDNA studies
(N = 45) (Agricultural or horticultural applications of eDNA), and total soil DNA studies (Agricultural and horticultural applications of soil DNA) (N = 1022) generated from
SCOPUS searches conducted up to 6/01/2022. Agricultural and horticultural applications of soil DNA* studies relevant to agriculture predominantly identiﬁed soil
microorganisms (81 % of soil studies).

(Weiss et al., 2020). One caveat to these ﬁndings is that they largely omit
the extensive literature associated with total soil DNA (Fig. 4). It is beyond
the scope of this review to retrospectively disentangle the numerous eDNA
and metagenomic soil studies relevant to agriculture. Instead, we direct
readers to the following reviews for more discussion on this topic (LevyBooth et al., 2007; Rolf, 2005; Taberlet et al., 2018). Below, we discuss
recent studies where the beneﬁts and limitations of eDNA in agricultural
systems are highlighted.

or community, for taxonomic classiﬁcation) and 45 (4 %) were deemed
relevant for eDNA in agriculture (Fig. 3 & Table 1). Papers were grouped according to year of publication, and papers speciﬁc to agriculture were
graphed separately to the cumulative total of eDNA studies and total soil
DNA studies (Fig. 4).
3. Applications of eDNA in food production
The inclusion and further development of eDNA technology to complement species monitoring within food production systems can facilitate the
timely detection of emerging pests and pathogens, and establish how new
management strategies are affecting local biodiversity. Although, the use
of eDNA for agriculture remains an emerging ﬁeld (4 % of all eDNA studies)
(Fig. 3), with a geographical bias towards European countries (42 %). Relatively few records have been published for studies conducted in the
Americas (18 %), China (13 %), and Oceania (16 %) despite two of these
having the largest economies (America and China), and only one eDNA
study was found for food production systems in Africa (Fig. 3 & Table 1.).
Our systematic review highlights that relatively few food production systems appear to use eDNA in agriculture, especially those with developing
economies (Fig. 3). When used, plant material (36 %), and soil substrates
(24 %) are most commonly sampled, while insects (33 %) and microorganisms (27 %) are the most targeted taxa. Further, where eDNA is implemented within food productions systems, there is an opportunity to
survey more substrates (i.e. honey, faeces; 9 % of substrates measured)
and to target a greater breadth of taxa (i.e. plants; 13 % of taxa targeted)
than is currently measured. Clearly much research remains to be done
across numerous agricultural and horticultural contexts for both broad
and narrow ranges of geography in the future. Complementing traditional
monitoring with eDNA-based tools is increasingly necessary as stakeholders
require identiﬁcations and spatial distributions for mutualistic and antagonistic species, both to improve monitoring, and potentially food security

3.1. Pest and pathogen surveillance - cropping systems
Cultivated landscapes provide favourable conditions for the evolution,
selection and spread of plant pests and pathogens (Brown and Hovmøll,
2002; Smith and Guégan, 2010). In the presence of a susceptible host and
appropriate environmental conditions these pathogens and pests can
threaten crop and pasture production, with global yields estimated to be reduced by 20–40 % annually (see Flood, 2010) in the absence of effective
control. Crop disease burdens escalate with farming intensity and are predicted to increase as crop yields double to achieve food security by 2050,
with the suite of disease-causing pathogens predicted to expand dramatically (Amari et al., 2021; Chaloner et al., 2021). As a consequence, the viability of current farming systems may be threatened by the emergence of
new plant pests and pathogens and/or changes in the virulence and distribution of known pests and pathogens, especially if new innovations and
technologies are not harnessed to identify and monitor their emergence
(Jones, 2009; Osunkoya et al., 2021; Wintermantel and Hladky, 2010).
Two salient examples are seen in the global spread of wheat blast fungus
(Magnaporthe oryzae) and Ramularia leaf spot in barley (Ramularia sp.).
Both pathogenic fungi are difﬁcult to detect/culture and have quickly
spread across international boundaries, where in some farms annual yield
losses are being reported of up to 70 % (barely infected with Ramularia
sp.; see Havis et al., 2015) and 100 % (wheat infected with M. oryzae; see
6

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556

Table 1
Forty-ﬁve studies found from SCOPUS. Search terms for SCOPUS included; (‘eDNA’ OR ‘environmental’) AND ‘DNA’ AND (‘barcode’ OR ‘barcoding’ OR ‘metabarcode’ OR
‘metabarcoding’) AND (‘agriculture’ OR ‘agricultural’ OR ‘horticulture’ OR ‘horticultural’). Only studies that used the term ‘eDNA’ or ‘environmental DNA’ for the purposes
of taxonomic identiﬁcation were included, as well as studies that used bulk sampling combined with an eDNA workﬂow. Metagenomic and total soil DNA papers were not
included as they were outside of the scope of this review. The literature search was conducted up to 6th January 2022 and generated 107 results, all results were checked
manually to determine if they were relevant to applications of eDNA for agricultural practices.
Reference

Country

System

Substrate

Barcoding

Target taxa

Ashfaq et al. (2016)
Wang et al. (2013)
Littlefair et al. (2016)
Tordoni et al. (2021)

Canada
China
England
Italy

–
–
–
Air

–
–
–
Metabarcoding

–
–
–
Fungi

Karlsson et al. (2020)

Sweden

Air

Metabarcoding

Bacteria and fungi

Redondo et al. (2020)
Rasmussen et al. (2021)
Zenker et al. (2020)
Song and Huang (2016)
Boetzl et al. (2021)

Sweden
Germany
Brazil
China
Germany

Air
Bulk-insect samples
Bulk-insect samples
Bulk-insect samples
Bulk-insect samples

Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding

Fungi
Insects
Insects
Insects
Insects

Edwards et al. (2014)
Dopheide et al. (2020)
Chang et al. (2018)

Malaysia
New Zealand
China

Bulk-insect samples
Bulk-insect samples
Moths

Metabarcoding
Metabarcoding
Metabarcoding

Insects
Various Metazoa
Plants

Macgregor et al. (2019)
Emenyeonu et al. (2018)

England
Australia

Review
Review
Review
Various locations in
two Italian regions
Various locations in
two Swedish regions
Wheat ﬁelds
Vineyard
Agricultural ﬁelds
Farmland
Flowering ﬁelds and
calcareous grasslands
Oil palm plantations
Perennial cropland
Island habitat for
long-distance
migrating pest moth
Farmland
Laboratory

Metabarcoding
Species-speciﬁc

Latz et al. (2021)

Denmark

Metabarcoding

Plants
Zea mays and
Vigna unguiculata
Fungi

Milazzo et al. (2021)
Barroso-Bergadà et al. (2021)
Loit et al. (2019)
Smessaert et al. (2019)
Danner et al. (2017)
Smart et al. (2017)
Michelot-Antalik et al. (2021)
Sternhagen et al. (2020)
Mezzasalma et al. (2017)
Zhou et al. (2020)
Makiola et al. (2019)
Caldwell et al. (2015)
Jiang et al. (2014)
Wang et al. (2020)
Frøslev et al. (2021)
Meyer et al. (2019)

Australia
France
Estonia
Belgium
Germany
USA
France
Costa Rica
Italy
China
New Zealand
Brazil
China
China
Denmark
Gabon

Moths
Flour, seed mixes
and air
Leaf, root, seed,
and air
Leaf
Leaf
Leaf and tuber
Nectar
Pollen
Pollen
Pollen
Root
Grapes
Seeds and roots
Soil, root and leaf
Soil
Soil
Soil
Soil
Soil

Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding
Metabarcoding

Fungi
Fungi
Fungi
Bacteria
Plants
Plants
Plants
Fungi
Bacteria and yeast
Bacteria
Bacteria, fungi and oomycetes
Archaea and bacteria
Archaea and bacteria
Bacteria and eukaryotes
Bacteria, fungi and eukaryotes
Bacteria

Navarro-Noya et al. (2021)
Todd et al. (2020)

Mexico
New Zealand

Soil
Soil

Metabarcoding
Metabarcoding

Fungi
Insects

Epelde et al. (2020)

Spain

Soil

Metabarcoding

Fungi

Srivastava et al. (2021)
Valentin et al. (2020)

India
USA

Metabarcoding
Species-speciﬁc

Bacteria
Lycorma delicatula

Allen et al. (2021)
Gamage et al. (2020)

USA
Sri Lanka

Compost
Spray aggregate and
rollers from tree bark
and leaf surfaces
Leaf and stem surfaces
Water

Lycorma delicatula
Leptospira sp. and bacteria

Valentin et al. (2018)
Valentin et al. (2021)
Utzeri et al. (2018)
Crisol-Martínez et al. (2016)
Aizpurua et al. (2017)

USA
USA
Various - Europe
Australia
Various - Europe

Water
Fruit and leaf surfaces
Honey
Faecal
Faecal

Species-speciﬁc
Species-speciﬁc +
Metabarcoding
Species-speciﬁc
Species-speciﬁc
Metabarcoding
Metabarcoding
Metabarcoding

Tournayre et al. (2021)

France

Faecal

Metabarcoding

Insects

Greenhouse and
ﬁeld trial
Barley ﬁelds
Vineyard
Laboratory
Apple and pear orchards
Agricultural landscapes
Agricultural landscapes
Dairy Farms
Coffee ﬁelds
Vineyards
Rice Field
Perennial cropland
Coffee ﬁelds
Various crops
Cropland soils
Agricultural ﬁelds
Manioc and banana
plantations
Maize ﬁelds
Apple and kiwifruit
orchards
Cultivated vegetable
orchards
Field trial
Various trees, shrubs
and understorey
vegetation
Vineyards
Agricultural or rice ﬁelds
Apple Orchards
Laboratory
Various orchards
Macadamia orchards
Caves within agricultural
landscape
Caves within agricultural
landscape

Halyomorpha halys
Halyomorpha halys
Hemiptera species
Insects
Insects

variation of airborne fungal spores within forest-agricultural mosaic landscapes using passive and active air samplers combined with eDNA
metabarcoding. The results showed that the composition of fungal spore
communities were consistently dominated by two potential agricultural
pathogens, Alternaria spp. and Ustilago spp. With similar monitoring on
smaller geographic scales, agricultural practitioners could use spatially focused fungicide applications, spraying only in areas where pathogen presence has actually been conﬁrmed, maximising their effective lifespan and

Ceresini et al., 2019). eDNA-based identiﬁcations from agricultural substrates (i.e. leaf material, soil or air) offers a powerful and rapid method
for pathogen detection (Fig. 1). Tordoni et al. (2021) sampled fungal spores
from air and were able to identify three times more fungal taxa with eDNA
metabarcoding than from manual identiﬁcations, indicating that this technique is already helping detect and identify plant pathogens that may otherwise remain undiscovered within cultivated landscapes (Michael et al.,
2020). Similarly, Redondo et al. (2020) measured spatio-temporal
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3.2. Pest and pathogen surveillance - livestock

improving the return on investment. Further, by reducing and/or targeting
fungicide usage, the risk of environmental damage may be minimised compared to more widespread application strategies (Sowunmi et al., 2019).
We envisage that a comparable eDNA-based monitoring protocol
could also have utility for biosecurity monitoring purposes, for example
eDNA sampling (air, water-wash, crop surfaces, etc.) could be adopted
at points of border control, complementing current techniques to help
identify plant pests and pathogens and reduce instances of crossborder outbreaks (Boykin et al., 2019). These eDNA techniques are
still emerging for agricultural systems, although their greater adoption
holds promise to enhance current detection methods for plant pathogens such as M. oryzae and Ramularia sp., as well as helping to develop
adaptive management solutions.
Spatially focused eDNA surveys can help detect emerging pests and
pathogens with timely ﬁne-scale geographical detections which allow for
targeted sampling and decisions on control measures. Herbivorous pest insects typically feed on a deﬁned range of host species or specialised groups
of plants (Imms, 1947). The techniques traditionally used for identifying
these potentially damaging species include; direct observation, microscopy
work, rearing of pest insects, and feeding trials (Hamilton et al., 2005;
Symondson, 2002; Vu et al., 2018). These traditional methods rely on detailed taxonomic expertise, and also require signiﬁcant time commitments
(Kudoh et al., 2020; Symondson, 2002). For instance, feeding trials can
last up to 20 days, not including data analysis, and depending on the target
species (Clay et al., 1985; Dunse et al., 2010). Such extended time-periods
will delay both detections and the subsequent targeted pesticide response,
potentially resulting in major infestations and outbreaks (Kudoh et al.,
2020; Simberloff et al., 2013; Valentin et al., 2018). Further, some traditional techniques such as direct observation by taxonomic specialists are
simply not feasible given the extremely short generation times of some
pest insects (i.e. aphids) and large scales that need to be surveyed in agriculture systems (Edwards et al., 2014; Rouland-Lefevre, 2010; Simberloff
et al., 2013). This implies that practitioners are often left to adopt generalised/prophylactic pesticide applications, which are expensive, environmentally damaging and can increase the potential for pesticide resistance
(Leskey et al., 2012; Morales, 2006; Rouland-Lefevre, 2010). As such,
there exists a need to rapidly and accurately detect emerging plant pests
within food production systems.
Barcoding and metabarcoding herbivorous insect DNA from plant material (i.e. leaves & fruit) or bulk insect traps (i.e. Vane traps & funnel traps)
can be an effective means to rapidly assess the presence of pest and beneﬁcial insects on crop and orchard species at large scales (Thomsen and
Sigsgaard, 2019; Valentin et al., 2018; Young et al., 2021). Insects leave
traces of DNA when they feed and/or excrete on, plant tissue, and this
has allowed researchers to retrieve genetic insect identiﬁcations for
ﬂower-visitors, plant parasites, as well as insect prey (Bittleston et al.,
2016; Derocles et al., 2015; Kudoh et al., 2020). Such eDNA methods
have also proven useful for the detection of pest taxa from plant material
in croplands, viticulture and orchards. By using a species-speciﬁc assay
and targeting rinse water collected after the harvested apples were cleaned,
a cost-effective eDNA detection method for the highly invasive and destructive pest species (brown marmorated stink bug, Halymorpha halys) proved
more efﬁcient than traditional methods of pheromone traps and black
lights (Valentin et al., 2016, 2018). Such accurate detection methods are
not only important for treating crops post-harvest, but could also be
extended to early pre-harvest detections, allowing for targeted pesticide
applications before crops are widely damaged (Leskey et al., 2012;
Sánchez-Bayo and Wyckhuys, 2019; Valentin et al., 2018). Further,
eDNA-based surveys could help detect co-occurring beneﬁcial insects
(i.e. native bees) to assess recovery following broad-spectrum insecticide applications, this approach could determine both the length of
time it takes for the pest and beneﬁcial species to return, thereby informing future spraying timings and strategies. Insect traps may also be
considered as a complementary means to assess pest emergence
which, if combined with traditional identiﬁcation, can allow for abundance measures as well as molecular veriﬁcation.

Of globally emerging pathogens, 75 % are estimated to be zoonotic
(infect multiple host species including domesticated animals and humans)
and twice as likely to be associated with emerging diseases as nonzoonotic pathogens (Taylor et al., 2001). Zoonotic pathogens in livestock
can threaten animal welfare by increasing animal stress, inducing abortions, as well as decreasing overall herd productivity (Mohamed, 2020;
Narrod et al., 2012; Saadiid et al., 2020). Such pathogens can also pose
direct (i.e. human transmission) and indirect risks (i.e. economic losses)
to human health (Alemayehu et al., 2021; Dorjsuren et al., 2020;
Mohamed, 2020). Detecting and managing zoonotic pathogens remains
challenging in many countries around the world, especially in emerging
economies (FAO, 2020; Gebreyes et al., 2014; Paternoster et al., 2020;
Thomas et al., 2020). For food production systems in developed economies,
preventative measures such as surveillance are now a major focus (Narrod
et al., 2012; Smith et al., 2017). Effective surveillance leading to early
detection helps to circumvent mass livestock slaughter and quarantine necessary to prevent further spread of disease (Sobrino and Domino, 2001).
Current surveillance methods for zoonotic pathogens include the collection
of excretory products or blood, the detection of antibodies (either directly
from the animals or from a mouse model), Polymerase Chain reaction
(PCR) based detection of species-speciﬁc pathogens, or pathogen identiﬁcation via microscopy (Abdel-Moein and Saeed, 2016; Delpietro et al., 2001;
Rathinasamy et al., 2021; Sulaiman et al., 2003; Vasco et al., 2016). These
techniques are sufﬁcient for individual zoonotic species identiﬁcation;
however, a greater resolution may be needed given that bacterial, fungal,
and viral infections are often made up of complex mutualistic interactions
among multiple species (Roossinck, 2015; Roossinck and Bazán, 2017).
For this, screening samples using eDNA metabarcoding based on primers
with a broader multi-taxonomic detection spectrum could offer support
for current surveillance methods.
The ideal mechanism for zoonotic pathogen surveillance is to use
standardised individual based sampling, where blood, tissue, faecal, or
swab samples are taken from individual animals and tested for an
array of pathogens (Brunner, 2020). However, such tests are simply
not feasible in either the live export trade or the domestic market,
where the large number of samples required makes this ﬁnancially unfeasible. For instance, the live export trade in Australia alone for
2019–2020 saw 1.3 million cattle and 1 million sheep exported
(LiveCorp, 2020). Instead, eDNA analysis of pooled samples from animal consignments is providing a cost-effective alternative, to detect
both common and rare zoonotic pathogens with relatively few noninvasive samples (Brunner, 2020; Trujillo-González et al., 2019). Indeed, the early use of eDNA-based tools provided health measures for
individual animals by analysing diversity of prokaryotes and fungi
from ruminal digesta (Fouts et al., 2012). Since then, eDNA measures
have been extended (e.g. to detect zoonotic Leptospirosis causing bacteria (Leptospira) with universal and species-speciﬁc assays in agricultural
irrigation water and determine which vertebrate animals act as reservoir hosts, concluding that cattle (Bos indicus) and water buffalo
(Bubalus bubalis) showed a high correlation with the pathogenic bacteria; Gamage et al., 2020). If broadly adopted, eDNA-based monitoring
for zoonotic pests and pathogens could provide detections for individual
farms and at border control points. In theory, by pooling faecal, urine, or
swab samples and using multiple assays, scientists would be able to
detect a range of zoonotic pathogens, something not currently possible
for large animal consignments (i.e. detection of SARS-Cov2 from sewerage; see Tran et al., 2021) (Brunner, 2020; Carroll et al., 2018). Further
research is needed to test and develop this concept, and to establish the optimal baseline number of samples from different substrates (i.e. faecal,
urine, or swab) which can be pooled and still provide accurate detections.
With this knowledge, eDNA detections could help diagnose emerging
zoonotic pests and pathogens with accurate and timely assessments,
allowing for preventative measures that beneﬁt both animal welfare and
herd productivity.
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differences in mesofauna communities associated with different horticultural crops. Here, universal and species-speciﬁc assays were compared
with traditional monitoring in kiwifruit (Actinidia sp.) and apple (Malus
domestica) orchards. Species-speciﬁc assays (100 % detection rate) and
morphological analysis (40–100 % detection rate) performed signiﬁcantly
better than the universal assay (2.5 % detection rate) (Todd et al., 2020).
These ﬁndings indicate that future meso- and macrofauna surveys may require universal assays which account for DNA degradation (see van der
Heyde et al., 2020), or alternatively, morphological identiﬁcations can be
combined with species-speciﬁc assays to survey both known and unknown
diversity to increase the accuracy of eDNA biomonitoring. Further development of eDNA-based tools to detect soil invertebrate diversity will require
testing in diverse agricultural and horticultural systems across broad and
narrow geographic ranges to establish detection limits and verify assay
speciﬁcity.
The complex microbial associations between plants and their immediate soil environment, the rhizobiome, are an essential component of plant
health (Dessaux et al., 2016). These interactions not only help to maintain
crop vigour, they also contribute to nutrition and reduce crop stress levels
in some instances (Meena et al., 2017; Olanrewaju et al., 2018; Pandey
et al., 2016). Thus, classifying the species composition of rhizobiomes associated with different agricultural and horticultural species has gained
signiﬁcant attention over the last decade (Berendsen et al., 2012;
Castellano-Hinojosa and Strauss, 2021; Visioli et al., 2015). Although to
date, monitoring rhizobiome diversity to inform management strategies
for food production systems has remained relatively unexplored (Aloo
et al., 2020; Caldwell et al., 2015). Recent studies have emerged demonstrating the potential of eDNA to identify these rhizospheres within agricultural ecosystems, with implications for developing new management
strategies (Table 1). For instance, Sternhagen et al. (2020) used eDNA
metabarcoding to show that the diversity of rhizosphere fungi associated
with coffee plants (Coffea sp.) was lower in conventionally managed ﬁelds
compared to organic ﬁelds. While, Epelde et al. (2020) highlighted that
inoculation of lettuce (Lactuca sativa) with naturally occurring arbuscular
mycorrhizal fungi increased yield without inﬂuencing the composition of
co-occurring soil fungi. More eDNA studies are now needed to measure
rhizosphere diversity across a greater diversity of crop species in different farming contexts (i.e. different soil types, fertiliser inputs, etc.).
This information is crucial in developing practices that enhance either
overall diversity or the presence of speciﬁc beneﬁcial taxa (Dessaux et al.,
2016; Pandey et al., 2016; Schmidt et al., 2020), ultimately increasing
crop productivity.

3.3. Soil health - soil microbiome, macrofauna, mesofauna, and the rhizobiome
Unlike most other agricultural monitoring efforts, DNA analyses have
been the standard tool used to identify soil microorganisms for over two decades (Fig. 4) (Hugenholtz and Pace, 1996; Rolf, 2005). Primarily because
many soil microorganisms are difﬁcult to cultivate and identify with traditional methods (i.e. only 0.1–1 % of bacteria are culturable using traditional
cultivation methods; Rolf, 2005). The DNA methods used to identify soil
microorganisms are analogous to those used for eDNA and metagenomic
studies, although these terms have been inconsistently applied in the soil
literature (Taberlet et al., 2018). Here, we focus on soil studies in food
production systems that use the term eDNA and measure taxonomic diversity of the soil microbiome (archaea, bacteria, fungi, and eukaryotes)
(Figs. 3, 4 & Table 1).
Soil microbiome biological and functional diversity are intrinsically
linked with plant health and productivity (Barrios, 2007; DelgadoBaquerizo et al., 2017). Biologically diverse soils help suppress soil-borne
pests and diseases through predation, competition, and parasitism that in
turn beneﬁt crop growth (Barrios, 2007; Susilo et al., 2004). Agricultural intensiﬁcation practices (i.e. tillage regimes, grazing, and weed management)
can however reduce the complexity of these soil food webs, driving parallel
reductions in pest and disease-causing pathogen suppression qualities
(Adhikari et al., 2016; de Graaff et al., 2019; Tsiafouli et al., 2014). Practices which maintain and enhance soil biodiversity have therefore been
identiﬁed as important elements of sustainable agriculture and global
food security (FAO, 2020; Sarkar et al., 2020). Here, eDNA has enabled
the classiﬁcation of the major biotic components of soil microbiomes in agricultural systems, including archaea, bacteria, fungi and eukaryotes
(Frøslev et al., 2021; Makiola et al., 2019; Wang et al., 2020). For example,
Frøslev et al. (2021) collected bulk soil samples and ampliﬁed eDNA from
bacteria, fungi and eukaryotes to determine if the tillage regimes associated
with different agricultural practices changed soil biota composition and
richness. Less intensive tillage regimes were found to only lead to minor
compositional differences in soil microbiota, leading the authors to conclude that although reduced tillage can beneﬁt soil diversity (see Brennan
et al., 2006), this may not be the most appropriate strategy in all
farming contexts. With greater adoption, eDNA-based monitoring of soil
microbiome diversity could be a useful tool to identify soil biodiversity
associated with different food production systems, which may ultimately
help beneﬁt crop productivity (de Graaff et al., 2019). Although currently
there still remains a need to establish baselines for eDNA detections in
soil (i.e. length of time eDNA is detected in soil; see Guerrieri et al.,
2021). Integration of these baselines will help develop eDNA datasets
which include temporal ranges for detections in various soil substrates
(i.e. relative abundance of added Escherichia coli eDNA decreased by 98 %
after 30 days in control clay-loam soils; see Morrissey et al., 2015).
Together, the detailed eDNA community identiﬁcations and temporal
ranges for the taxa detected could provide a useful tool for agricultural
practitioners to help monitor their own soil biodiversity.
Microorganisms only form part of the total biodiversity present in soil,
their larger invertebrate counterparts, soil mesofauna (> 40 μm) and macrofauna (> 1 cm) also signiﬁcantly contribute to soil health, although
these taxa are relatively unexplored in agricultural eDNA monitoring
(7 % of all studies) (Blouin et al., 2013; Menta and Remelli, 2020;
Orgiazzi et al., 2015). Current monitoring of soil meso- and macrofauna
relies predominantly on morphological identiﬁcation based on taxonomic
keys (George et al., 2017; Gerlach et al., 2013), in contrast, eDNA-based
detections offer a standardised high-throughput alternative to classify soil
invertebrate diversity (Lanzén et al., 2017; Taberlet et al., 2012a; Todd
et al., 2020). An early example is the use of taxa-speciﬁc assays to identify
extracellular earthworm DNA from soil enabling classiﬁcation of species assemblages (Bienert et al., 2012). Compared to the time consuming manual
detections and morphological identiﬁcations typically used, eDNA surveys
allowed for the complete description of earthworm communities collected
from <50 g of soil (Bartlett et al., 2006; Bienert et al., 2012; Čoja et al.,
2008). More recently, eDNA biomonitoring has been trialled to detect

3.4. Pollination - monitoring ﬂower visitors
Wild pollinator numbers have more than halved in some areas of
Europe and managed pollinators -typically the European honey bee (Apis
mellifera) - are starting to mirror these losses with colony collapse reaching
30 % annually both in European nations and North America (Biesmeijer
et al., 2006; Gray et al., 2020; Steinhauer et al., 2021). In China, the demand for managed pollinators in 2018 was three times the stock available,
a problem predicted to worsen for an ecosystem service valued at US$106
billion in 2010 (Mashilingi et al., 2021). Such pollinator declines are driven
by a combination of habitat destruction, agro-chemicals, invasive species,
climate change and disease, all of which place further pressure on future
food security (Mbow and Rosenzweig, 2019; Potts et al., 2010, 2016;
Sammataro et al., 2000). An accurate assessment of the health of plantpollinator networks within cultivated food systems is a crucial ﬁrst step to
prevent further losses (IPBES, 2019; Ricketts et al., 2008; Tylianakis et al.,
2010; Van Zandt et al., 2020). Regrettably however, pollinator monitoring
is insufﬁcient in many areas because observing ﬂower visitors and identifying pollen grains are time-consuming practices that require specialist taxonomic expertise which are becoming increasingly rare (Bell et al., 2016;
Bosch et al., 2009; Howlett et al., 2018; Van Zandt et al., 2020). eDNA biomonitoring has the potential to greatly increase the capacity to study
ﬂower-visitor interactions through accurate analyses of large sample
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biomonitoring tool in agricultural systems, and a discussion of the possible
solutions currently available or on the horizon.

numbers, less need for taxonomic expertise, and an ability to detect rare
plant-insect interactions (Evans and Kitson, 2020; Pornon et al., 2017;
Thomsen and Sigsgaard, 2019). Thomsen and Sigsgaard (2019) were the
ﬁrst to use this approach for biomonitoring in a diverse grassland ecosystem
in Denmark. They used two assays to identify 135 arthropod species from
>60 families, representing insect pollinators, parasitoids, and predators.
This successful broad-scale community assessment based on a noninvasive approach supports the concept of using eDNA to identify
ﬂower-visiting insects (Evans and Kitson, 2020). This is especially true
for the identiﬁcation of unmanaged pollinators, which are often less
well-known, but, regarded as equally important pollinators for many
crop species.
Unmanaged non-bee pollinating taxa have typically been omitted from
crop pollination studies (Rader et al., 2016). Consequently, little is currently known about the services they provide or how they are impacted
by anthropogenic stressors (Biesmeijer et al., 2006; Garibaldi et al., 2013;
Potts et al., 2010; Rader et al., 2016). In an agricultural context, this
means that pollination services are often increased only through greater
hive numbers, rather than by encouraging native pollinators (Pardo and
Borges, 2020; Potts et al., 2010; Rader et al., 2016). eDNA-based monitoring offers a means to help bridge this knowledge gap (Evans and Kitson,
2020). For example, eDNA metabarcoding data obtained from pollen collected by moth species has helped classify the often unobserved nocturnal
pollen transport networks within a farmland site (see Macgregor et al.,
2019). Metabarcoding analyses increased the number of known pollen
types per moth species and resulted in the assembly of more complex
ﬂower-visitor networks than could be achieved by traditional microscopy
techniques. Similarly, eDNA-based surveys have helped classify a broader
range of host plant species and foraging resources for an economically damaging pest species, the turnip moth (Agrotis segetum), than had previously
reported (see Chang et al., 2018). The use of eDNA to monitor pollinators
and ﬂower-visitors is still in its infancy for agriculture and horticulture,
although the ﬁeld is rich with open questions that could be answered
with this technology. For example, vertical and horizontal stratiﬁcation of
unmanaged ﬂower-visitors can signiﬁcantly impact fruit production as a
consequence of competition and predation (Cook and Power, 1996;
Wyatt, 1983). Despite this, ﬁne-scale variation is rarely measured during
agricultural pollinator monitoring (Frimpong et al., 2011; but see
Krishnan et al., 2014). Use of eDNA-based monitoring for ﬂower samples
collected at different horizontal and vertical stratiﬁcation levels could
help identify if variation exists for ﬂower-visitor cohorts within cultivated
tree canopies. This merits investigation because such information could
be used to help develop new management practices, such as reducing
canopy density, which may encourage more pollinator visitations
(managed and unmanaged) and potentially increase yield.

4.1. DNA deposition and degradation
A better understanding is needed of the mechanisms by which DNA is
released into the environment, and how its persistence is affected by various factors in order to take full advantage of eDNA-based biomonitoring
technology. These factors include time, chemistry of the local environment
(i.e. soil, gut contents, water), UV levels, temperature and microbial presence (Dejean et al., 2011; Levy-Booth et al., 2007; Nielsen et al., 2007).
Fast DNA degradation has the potential to create false negative results
(i.e. an apparent absence of taxa that are actually present) which can confound biodiversity assessments and lead to incorrect interpretations of community assemblages (Foote et al., 2012; Harrison et al., 2019; Thomsen and
Sigsgaard, 2019). For instance, Todd et al. (2020) attempted to analyse soil
eDNA collected from two orchards using universal metabarcoding primers
which ampliﬁed the entire COI gene (710 bp, Folmer primers; Folmer et al.,
1994). Likely due to the deterioration of eDNA in the soil environment, this
relatively large DNA fragment could not be PCR-ampliﬁed (see Jo et al.,
2021), meaning that the diversity of ecologically important taxa captured
from the metabarcoding results was signiﬁcantly lower when compared
to the results from species-speciﬁc PCR assays and manual surveys.
Valentin et al. (2021) reported similar results on leaf surfaces with 3 μL of
Halyomorpha halys eDNA added. Here, simulated rainfall events were
found to reduce detection rates by 75–100 %, while exposure to high UV
levels meant that extracellular H. halys eDNA could not be detected after
four days of full-sun treatment. Amelioration of such issues requires the
use of assays which target a range of amplicon sizes to account for DNA degradation (e.g., Haile et al., 2009), or some adaptation of a shotgun sequencing approach where even very short DNA fragments can be sequenced.
Further, if a speciﬁc taxon is of interest, then species-speciﬁc assays should
be used for detections rather than relying on universal assays that may have
low afﬁnity for certain taxa and also amplify non-target DNA (Saccò et al.,
2022). As well as tailoring assay design, establishing detection thresholds
for target taxa can also aid in authenticating the taxon identiﬁcations generated from eDNA biomonitoring.
Detection thresholds established with pilot studies are occasionally used
to determine how long eDNA remains detectable and what sized fragments
amplify successfully after exposure to locally relevant factors (i.e. low and
high UV levels) (Mächler et al., 2016; Poudel et al., 2019). For eDNAbased tools in agriculture, such information helps provide a temporal
range for the detected species or community of interest. For instance,
eDNA is unstable in high moisture, high temperature, tiled soils where universal bacterial primers were unable to amplify added DNA (> 99 %) within
7 days because the fragments had degraded beyond the point of ampliﬁcation for the chosen assay (Sirois and Buckley, 2019). With such information
available, long term soil biomonitoring for agricultural regions with higher
rates of DNA decay (i.e. tropical countries) could account for more degradation (and increased chances for false negatives) by sampling more frequently and using assays that target shorter DNA fragments (van der
Heyde et al., 2020). Goldberg et al. (2018) has recommended that
optimised eDNA sampling to account for degradation and dispersion requires data on eDNA production, the space covered by the taxon of interest,
and the removal rate of DNA from the system under study (i.e. DNA degradation due to acidic conditions). Similar principles could be applied to
eDNA-based monitoring in food production systems to increase the spatial
sampling density when DNA degradation is signiﬁcant or when a conservative approach is needed to capture a rare taxon. Furthermore, as modern
agricultural production systems typically include high levels of
mechanisation, there are opportunities to design high coverage and high
frequency sampling methods that utilise or complement existing machinery
and infrastructure. Together these approaches could enable greater accuracy and reproducibility of species detections for orchards, farms, and
vineyards.

4. Limitations, and how to overcome them
eDNA biomonitoring is already demonstrating potential to classify the
biodiversity associated with plant, animal and soil health (i.e. classifying
meso- and macrofauna diversity in orchard soils; Todd et al., 2020), and
to aid in the early detection of invasive pests and pathogens (i.e. detecting
Hemiptera pest species from honey; Utzeri et al., 2018) before large-scale
outbreaks occur. Such information may enable improved accuracy of
evidence-based decision making to inform orchard, farm and vineyard
management practices. Despite these prospects, a number of potential pitfalls are associated with the collection, ampliﬁcation and interpretation of
data from environmental samples collected from agricultural systems
(Ruppert et al., 2019; Taberlet et al., 2012b). The technical challenges of
eDNA-based surveys include; contamination (Olds et al., 2016), false positives (Ficetola et al., 2015, 2016), false negatives (Ficetola et al., 2015),
incomplete databases (Jackman et al., 2021), and degraded DNA (Deagle
et al., 2006; Goldberg et al., 2018), each of which has been reviewed extensively. Below, we focus on some of the limitations that may currently
prevent an efﬁcient implementation of eDNA technology as a
10

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556

considerations, assays can be developed which minimise the potential for
biased ampliﬁcation and generate reliable detections for informed management decisions.

4.2. Assay development and biased ampliﬁcation
To date, the assays used to target biological organisms within agricultural systems have generally provided broad-community, rather than
taxon-speciﬁc monitoring (13 % of studies) (Table 1). Assay development
is restricted when the target taxa are largely undescribed, known as the Linnean shortfall (Lomolino, 2004). Such shortfalls are common in both microorganisms (i.e. only 3–8 % of all fungi described; Hawksworth and Lücking,
2017) and macroorganisms (i.e. only 20 % of all insects described; Stork,
2018). In the context of agricultural communities, microorganisms, unmanaged pollinators, and pests composed largely of unknown species may be
missed if the assays used for such classiﬁcation are too narrow, leading to
incomplete community descriptions (Evans and Kitson, 2020). Instead,
combinations of assays are needed to target the full variety of taxa present
within these ecosystems. This approach is referred to as the ‘needle vs
haystack’, where the ‘haystack’ metabarcoding (using universal assays)
generates sequences from a broad range of taxa to assess complete diversity (generally at the genus or family level) for environmental samples
(i.e. using fungal Internal Transcribed Spacer region 2 fragment to target airborne fungal spores; Tordoni et al., 2021). Although it should
be noted that universal assays are not a ‘silver bullet’ and can show taxonomic biases (i.e. COI, a universal primer used for insects, has been
shown to amplify only 62 % of invertebrates; (Horton et al., 2017) and therefore must be thoroughly tested (in silico, in vitro, and in vivo) prior to monitoring (Saccò et al., 2022). While, the ‘needle’ (using taxon-speciﬁc
markers) approach generates sequences speciﬁc to individual species or
group contained in the ‘haystack’, i.e. use of species-speciﬁc assay that targets the marmorated stink bug (H. halys) from fruit wash water; see
Valentin et al., 2018) (Saccò et al., 2022). This taxon-speciﬁc approach is,
however, particularly prone to the knowledge gaps associated with Linnean
shortfalls. Meaning that researchers may wish to use both the ‘haystack’ and
the ‘needle’ to investigate a community of interest; speciﬁc taxonomic
groups are targeted using universal assays that simultaneously capture the
many unknown taxa present in environmental samples. The unknown
organisms can then subsequently be described using traditional methods
and targeted using the species-speciﬁc assays if they are of relevance to
the orchard, ﬁeld, or vineyard being surveyed (i.e. emerging pathogen or
pollinator).
Biased ampliﬁcation of speciﬁc sequences and the complete failure of
other sequences to amplify can prevent effective detection of target species
and communities from environmental samples. Although metabarcoding
has the potential to detect multiple taxa from complex samples, the universal assays used for such broad assessments can often under-represent or entirely miss particular taxa (Clarke et al., 2014). In part, this issue arises
when the homologous regions targeted and ampliﬁed by universal assays
are not equally conserved across all taxonomic groups. The resulting sequence variation (i.e. base mismatches) can lead to the biased ampliﬁcation
of certain taxa or prevent ampliﬁcation entirely (i.e no bee taxa sequences
ampliﬁed from vineyard insect traps despite visual conﬁrmation of bees in
the traps; Rasmussen et al., 2021) (Bellemain et al., 2010; Rodgers et al.,
2017). These incomplete community descriptions can, if not corrected by
manual veriﬁcation, then misinform management decisions for agricultural
practitioners (i.e. unnecessarily increasing bee colony numbers; Ritten
et al., 2018). The choice of which universal assay to use is therefore dependent on the presence and suitability of a conserved target locus as well as
the availability of target reference sequences (Saccò et al., 2022). With
the target locus chosen, the following should be considered for the design
and validation stage of metabarcoding assays: i) desktop-based in silico validation - collect reference sequences and identify sympatric, and confounding taxa, then design an assay speciﬁc to the taxa of interest using tailored
design software (i.e. Primer3 or Primer Premier); ii) lab-based in-vitro
validation - synthetic or organic DNA for the taxa of interest at low concentrations to conﬁrm high PCR sensitivity; and iii) ﬁeld-based in-situ validation - consideration of assays with locally relevant degradation and
inhibition found in environmental samples (Harrison et al., 2019;
Langlois et al., 2021; Saccò et al., 2022). Taking into account these

4.3. Incomplete databases
Inferring taxonomic nomenclature using eDNA for agricultural ecosystems ideally requires the members from the community of interest to
have assigned taxonomic ranks, voucher specimens identiﬁed and sequence
data available (Saccò et al., 2022). The two most widely used databases
which contain this information are GenBank and the Barcode of Life Data
System (Meiklejohn et al., 2019). Although given the Linnean shortfall
and that new species are continually being discovered, direct or even
closely related sequence data may not be available in the current databases
for the organisms under study (Saccò et al., 2022). Indeed, Aizpurua et al.
(2017), when monitoring pest insect species in agricultural landscapes
using eDNA, were unable to assign species-level identiﬁcations to 53 % of
the samples collected. This limited the conclusions that could be made
about shifts in dietary niche of pest-feeding bats in agricultural landscapes
across Europe. For eDNA-based monitoring more broadly, the absence of
pest and pathogen sequences could lead to false negatives and potentially
fail to identify emerging pest/pathogen outbreaks (Jones, 2009; Valentin
et al., 2016). Unfortunately, sequences available on public databases may
still be subject to issues such as: incorrect taxonomy, sequence coverage
variation (i.e. species barcoded for only one loci), or sequence data without
species level taxonomic rank assignment (Saccò et al., 2022). Overcoming
these knowledge gaps and inherent database issues can require in silico
veriﬁcation, the creation of custom databases, or the use of degenerate
secondary assays.
Reference databases need to be assessed with in silico studies to determine if the taxa of interest (if known) have been sequenced for the chosen
barcode loci (Bylemans et al., 2018). This desktop search helps identify if
the taxa of interest are well represented in online databases or require the
creation of a custom Barcode Reference Library (BRL) (Ruppert et al.,
2019; Taberlet et al., 2012b). Custom BRLs are traditionally created by
Sanger sequencing target barcode loci from voucher specimens, these custom barcodes are then incorporated into the chosen bioinformatic pipeline
(i.e. OBITools, Barque or QIIME 2; see Mathon et al., 2021) with Basic Local
Alignment Search Tool (BLAST) to provide taxonomic identiﬁcations (Kress
et al., 2015). Although a limitation to this approach is the signiﬁcant expense and time commitment required in diverse agricultural ecosystems
where large numbers of unknown taxa have to be sequenced. An innovative
alternative is to use genome skimming to produce custom BRLs from many
vouchered specimens (Nevill et al., 2020). If voucher specimens are not
available however, or low-cost alternatives are needed, in silico studies
and emerging GAPeDNA databases can provide an overview of genetic
completeness for a given taxon (see Marques et al., 2021). With this information, a lower resolution secondary assay can be used to generate Family
or Order level taxonomic assignments from eDNA samples (i.e. Leese et al.,
2021). In the case of Aizpurua et al. (2017), the authors overcame the need
to make a local reference database with a secondary low resolution assay to
cross-reference species assignments and determine which taxa were
missed. Veriﬁcation may also be possible with traditional methods (i.e.
Macgregor et al., 2019; Todd et al., 2020). With these approaches, eDNAbased monitoring for food production systems can generate community
data without sequence data necessarily being available for all of the taxa
present.
4.4. Abundance data
Multi-species reads generated from eDNA samples cannot currently be
used to estimate taxonomic abundance or population size for complex environmental samples (Fonseca, 2018; Ruppert et al., 2019). Each PCR reaction in the metabarcoding workﬂow is unique (i.e. differences in
chemistry, primer mismatch, see Cha and Thilly, 1993), meaning Operational Taxonomic Unit (OTU) reads cannot currently be compared
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pumps. Since then, eDNA has been used to characterise trace amounts of
airborne DNA from microbes, plants, fungi, and animals in a variety of systems (Clare et al., 2021; Johnson et al., 2019; Tong et al., 2017; Tordoni
et al., 2021). These detections may otherwise remain unknown given that
some taxa cannot easily be identiﬁed from conventional monitoring or cultivating methods (Folloni et al., 2012; Tong et al., 2017; Tordoni et al.,
2021). Although studies targeting air eDNA still remain relatively rare in
both the eDNA literature more broadly and agriculture (Clare et al., 2021;
Johnson et al., 2019). Namely, eDNA captured from the air accounted for
only 7 % of substrates targeted in agricultural studies (Fig. 3 & Table 1).
These studies and those undertaken in other human-modiﬁed ecosystems
do however provide a blueprint for future research to identify airborne
DNA in the context of food production systems. For instance, Tong et al.
(2017) illustrated that eDNA from archaea, bacteria, fungi and viruses
could be collected from active air samplers indoors. This technique could
be used to identify airborne microorganisms associated with zoonotic diseases within indoor livestock facilities, such as poultry markets, where
disease-causing pathogens circulate but adequate surveillance remains an
issue (Lu et al., 2021). Using eDNA to capture signals of emerging pathogens could provide an early warning system to identify the presence of
pathogens and potentially isolate infected animals before widespread transmission occurs. Such techniques may also apply to cropping systems, where
air eDNA could be used for timely detection of economically damaging
weed species. Airborne plant material (vegetative fragments, pollen, etc.)
can be captured and targeted with eDNA-based surveys to provide taxonomic classiﬁcations for local plants, without them necessarily being in
ﬂower (Johnson et al., 2019b). In crop ﬁelds, air sampling could provide
a ﬁne-scale presence/absence measure of weed species which are often difﬁcult to detect in low numbers (Emenyeonu et al., 2018). Such a resource
may help inform managers where infestations are emerging and support
targeted herbicide applications. Although for now, more studies are needed
to determine the basic characteristics of air eDNA (i.e. fragment sizes and
taxonomic identity) as well as the abiotic conditions which inﬂuence
DNA molecule persistence in the atmosphere (Clare et al., 2021; Johnson
et al., 2019). Thus, one of the primary questions for cultivated ecosystems
is can air eDNA reliably provide taxonomic detections in farms, orchards
and vineyards across a variety of different climates, which may have implications for how much eDNA can accumulate and persist in air (i.e. comparison of air eDNA composition in tropical and temperate farmlands).

quantitatively (Fonseca, 2018). Instead, the data generated from eDNA
monitoring provides presence/absence measures for speciﬁc taxa and
semi-quantitative results (i.e. weak versus strong interactions) (Ficetola
et al., 2008; Pornon et al., 2016, 2017). These data can be used to infer relative abundance and commonality for the taxa of interest (i.e. universal
fungi assay used to determine relative abundance of natural arbuscular mycorrhizal fungi in managed and unmanaged soils; Epelde et al., 2020). However, some have argued that quantitative counts for populations and
taxonomic abundance still remain the gold standard (Blanchet et al.,
2020). New statistical methods are still being developed for eDNA presence/absence data to help derive ecologically meaningful conclusions,
these include; occupancy models to account for imperfect detections of
speciﬁc taxa (Dorazio and Erickson, 2017; Doser et al., 2022), multiview
modelling for relative abundance estimation (Williamson et al., 2021), generalised dissimilarity modelling of zeta diversity (Latombe et al., 2017), and
joint species distribution modelling for inference of biotic interactions and
conditional prediction (Poggiato et al., 2021). Although, as far as we are
aware, none of these new statistical methods have been used in the eDNA
studies for agriculture found in this review.
Integration of cross-validation techniques as well as alternative technologies to quantify DNA copy numbers may help to increase the robustness of
eDNA surveys and generate abundance data. The ﬁrst, and most relatively
straight forward approach is to incorporate traditional surveys (i.e. visual
observation) with eDNA surveys, thereby maximising the taxonomic
breadth afforded by eDNA while also obtaining abundance data to inform
on the strength of ecological interactions (Kelly et al., 2017; Schmidt
et al., 2013). Alternatively, researches may wish to use multiple speciesspeciﬁc assays combined with droplet digital PCR (ddPCR) (Capo et al.,
2021). This approach can be used to quantify the number of DNA sequences
and estimate population abundance for the taxa of interest, although recent
studies have shown considerable unexplained variation in these estimates
(Capo et al., 2021; Mauvisseau et al., 2019). A third solution may be to
add one or multiple generic internal standards (ISDs) (i.e. synthetically designed DNA molecules; see Harrison et al., 2020) to all samples prior to
qPCR in known absolute abundance (i.e. number of moles of a DNA molecule) (Ushio et al., 2018). Through comparison to the ISD, the relative
abundance of target eDNA can be converted into DNA copy numbers (see
Harrison et al., 2020; Ushio et al., 2018), potentially allowing for more accurate population abundance estimates for the target taxa. We envisage a
combined methodology, where eDNA could be used with universal assays
to detect organisms of interest, which could then be counted using either
traditional surveys, estimated using multiple species-speciﬁc assays with
ddPCR or estimated by spiking in ISDs to samples prior to qPCR to estimate
population sizes, allowing managers to determine the most appropriate
management strategy for the taxa of interest in their orchard, farm or vineyard.

5.2. Organic sentinel monitoring
Biological organisms harnessed as sampling units for the intermediary
organisms that they interact with (organic sentinels) could provide an unparalleled ability to measure microcosms which make up agricultural systems (Bromenshenk et al., 1985, 2015; Gregorič et al., 2022; Halliday
et al., 2007). Two examples which are relevant to food security include
eDNA classiﬁcations obtained from within managed beehives and using
trace amounts of DNA to detect plant pests and diseases (Sammataro
et al., 2000; Tremblay et al., 2019; Utzeri et al., 2019). Managed bee species
are currently the most important animal pollinators for cultivated plant species, and safeguarding their services is considered essential for food security
(IPBES, 2019; Lautenbach et al., 2012). When foraging for pollen, bees incidentally collect pathogens that can subsequently be transmitted to the
hive (i.e. chalkbrood disease caused by Ascosphaera apis) (Goulson and
Hughes, 2015; Pereira et al., 2019). These pathogens are associated with
conditions that range from declines in sexual reproductively to increased
mortality rates, and can ultimately serve to reduce pollination services in
surrounding crop species (Genersch et al., 2010; Lach et al., 2015; Pereira
et al., 2019; Sammataro et al., 2000). Pathogen classiﬁcations using
eDNA could help address this issue, potentially allowing for detections
that may otherwise be difﬁcult to achieve at the scale of food production
systems.
At least 39 viruses and some fungal pathogens use pollen grains as an intermediary between host plants (Card et al., 2007). By collecting pollen,
and foraging between ﬂowering agricultural species, honeybees can

5. Future prospects
Applications of eDNA biomonitoring for agriculture are already aiding
in the detection of pest and pathogenic species, as well as the classiﬁcation
of soil microbial biodiversity. More recent applications have emerged with
biomonitoring of ﬂower-visitors and soil meso- and macrofauna. The ﬁeld
of eDNA biomonitoring for food production systems is burgeoning, with
new innovations and areas for future research (Fig. 2). The topics of research listed below are nascent; however, their continued development
holds exciting potential for eDNA-based monitoring to enable more sustainable cultivated food systems and aid global food security.
5.1. Air eDNA
Isolation of eDNA from air is a novel survey method capable of detecting
and characterising taxa from airborne particles (Folloni et al., 2012;
Johnson et al., 2019a). Initial air eDNA studies targeted airborne pollen
(Kraaijeveld et al., 2015; Longhi et al., 2009) and spores (Pashley et al.,
2012; Williams et al., 2001) using aerobiological tape and vacuum
12

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556

countries where food security concerns are often greatest (FAO, 2020;
Hamdi et al., 2021; Mbow and Rosenzweig, 2019). Likely this is also the
reason for the low number of eDNA studies found in emerging economies
(Fig. 3). Low-cost equivalents for eDNA biomonitoring are therefore needed
for the countries in greatest need of this technology, but who may lack the
necessary infrastructure (Ibaba and Gubba, 2020). Loop-mediated isothermal ampliﬁcation (LAMP) assays may provide one such alternative by
allowing for the identiﬁcation of individual species without the need for
laboratories, PCR machines, or high-throughput sequencers (Ahuja et al.,
2021; Davis et al., 2020; Notomi et al., 2000). Using only species-speciﬁc
assays, DNA polymerase, a water bath/heating block, as well as a stain or
dye, researchers have been able to identify the presence/absence of species
of interest from eDNA samples (Davis et al., 2020; Notomi et al., 2000;
Quyen et al., 2019). To date, LAMP assays have been used to detect a
wide variety of plant and animal pathogens predominately in natural settings (Ahuja et al., 2021; Deng et al., 2019; Panno et al., 2020). While
more recently, the technique has successfully been used within an agricultural context to measure the presence of an intermediary host species
(Galba truncatula) for two trematodes (parasitic ﬂatworm); Fasciola hepatica
and F. gigantica, both of which cause the potentially fatal Fascioliasis disease in livestock (Davis et al., 2020; Deng et al., 2019). Although in the developmental stage, the potential to use LAMP assays in combination with
multiple species-speciﬁc markers (one marker per reaction) could provide
a low-cost counterpart for conventional eDNA-based monitoring in agricultural ecosystems. If successfully implemented, this technology could aid in
the timely detection of known plant and animal pathogens, hopefully helping prevent pest and disease outbreaks for food production systems in both
developed and emerging economies.

inadvertently act as a vector for these plant pathogens, which can reduce
yield and quality of produce (Card et al., 2007; Dodd et al., 1990;
Tremblay et al., 2019). Given that the interactions between bees, and the
plants that they pollinate can have such a signiﬁcant inﬂuence on plant productivity, and that they exhibit predictable and consistent behaviour, their
use as organic sentinels merits investigation (Bromenshenk et al., 1985,
2015). By placing sterilised ﬁlter paper at the entrance of a beehive, where
the paper would come into direct contact with the bees themselves, as
well as the pollen on their bodies, researchers could amplify the trace
amounts of parasite and pathogen eDNA collected during foraging in crop
ﬁelds (Tremblay et al., 2019; Utzeri et al., 2019). With this approach,
eDNA-based tools could provide early detections for both signiﬁcant bee
pathogens present in the hive and potentially plant diseases in the ﬁelds
that the bees are servicing.
5.3. DNA sequencing in the ﬁeld
Taking eDNA biomonitoring out of the laboratory and into farms,
orchards and vineyards offers a rapid means to monitor organisms, while
simultaneously reducing processing costs (Boykin et al., 2019; LoezaQuintana et al., 2020). Signiﬁcant expenses are associated with highthroughput lab-based sequencing platforms, especially with the input of
skilled technicians required for successful data generation (Skinner et al.,
2020; Thomas et al., 2019). Not only are laboratory costs expensive, but
the processing times for eDNA samples can also take weeks or sometimes
even months depending on the number of samples and assays, often requiring refrigeration and taking samples back to the lab, potentially delaying
opportunities for rapid detections (Loeza-Quintana et al., 2020; Nguyen
et al., 2018). In agriculture, real-time monitoring is often critical for timely
and informed management decisions, especially when monitoring diseasecausing pathogens and pest outbreaks (Badial et al., 2018; Boykin et al.,
2019; Valentin et al., 2018). Portable PCR machines (i.e. Field-portable
quantitative PCR (qPCR)) and sequencers (i.e. Oxford MinION) were
initially used as a human-point of care tool for disease diagnostics (Marx,
2015; Nguyen et al., 2018; Quick et al., 2016). Now these portable technologies are being utilised as a diagnostic tool for invasive species and pathogens with implications for food production. Badial et al. (2018) were the
ﬁrst authors to successfully detect crop pathogens from infected plant tissue
and insect vectors using the portable Oxford MinION sequencer. In contrast
to the standard immune assays and multiplex PCR used to detect plant pathogens, the Oxford MinION could detect a larger number of possible target
pathogens in less than two hours. This technology has been trialled on
small-scale cassava farms in sub-saharan Africa, where researchers were
able to generate on-the-spot pest and disease diagnostics within one day
(Boykin et al., 2019). Similarly, ﬁeld-portable qPCR tools used in combination with species-speciﬁc primers, have been used to streamline a workﬂow
that traditionally required three days on the lab bench into <60 min
(Thomas et al., 2019). The information generated from these rapid tests
could be used to help identify speciﬁc pathogens at ﬁne spatial scales,
thereby enabling targeted pesticide applications while also reducing expenditure and minimising environmental harm (Badial et al., 2018). In the
future, this technology could be extended to rapidly assess other taxa of
economic value (i.e. wild pollinators, soil biodiversity, etc.) within food
production systems when linked with appropriate sampling techniques
(i.e. sampling air, honey or soil). Used in combination with improved bioinformatic pipelines (i.e. PEMA; see Paﬁlis et al., 2020, and eDNAFlow; see
Mousavi-Derazmahalleh et al., 2021), portable PCR and sequencing technologies hold great potential for eDNA in food production systems,
although much work is required to establish the protocols and limitations
of these technologies.

6. Conclusion
Given the extensive use of eDNA in natural systems, biomonitoring
using eDNA in agricultural systems is underutilised despite it being a potentially powerful tool to measure a wide variety of microcosms (Fig. 5). Applications of this technology in food production systems are still in their
infancy, with the exception of the soil sciences (Fig. 4), and the ﬁeld remains wide open for future eDNA applications for both cultivated plants
and domesticated animals (Figs. 2 & 3). Here, we have highlighted the
growing number of studies that are now identifying speciﬁc species, monitoring communities, and rapidly detecting pests and pathogens in agriculture (Fig. 4). We acknowledge that there are limitations to using eDNA
for species identiﬁcations and detections within food production systems,
and that as a consequence, applications of eDNA will not be equally effective in all settings and that current traditional and other molecular methods
will still be the best practice in such cases (i.e. Todd et al., 2020). However,
we argue that with further research into the locally relevant conditions for
eDNA degradation, adequate pilot studies, and the development of local
reference libraries, eDNA-based tools will offer a strong complement for
current monitoring methods, and merits further integration into agricultural systems. In the future, eDNA is likely to include; unmeasured microcosms, sequencing in the ﬁeld, as well as the wide-spread uptake of cost
effective equivalent techniques. With such expansions, eDNA will offer a
powerful tool to help maintain and increase food production with the
ultimate goal of helping achieve more widespread food security for food
production systems in developed and emerging economies alike.
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Fig. 5. Current and emerging monitoring techniques for agricultural microcosms. Substrates presented are currently being monitored using both traditional and eDNA-based
monitoring to detect mutualistic (i.e. pollinators) and antagonistic species (i.e. pathogens). The potential to further incorporate eDNA-based monitoring (dashed line) to
support current methods (solid line) would greatly aid in taxonomic identiﬁcations and hopefully improve monitoring for food production systems. Both techniques are
presented with some of the major pros and cons which have been identiﬁed here, and in other studies (Kelly et al., 2017; Pornon et al., 2017; Rasmussen et al., 2021;
Todd et al., 2020). Graphic created using BioRender.

& editing. Philip W. Bateman: Conceptualization, Methodology, Writing –
original draft. Nicole E. White: Writing – original draft, Writing – review &
editing. Morten E. Allentoft: Writing – review & editing. Anna Hopkins:
Writing – review & editing. Mark Gibberd: Writing – review & editing.

CRediT authorship contribution statement
Joshua H. Kestel: Conceptualization, Methodology, Visualization, Writing – original draft. David L. Field: Writing – original draft, Writing – review
14

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556

Paul Nevill: Conceptualization, Writing – original draft, Methodology,
Writing – review & editing.

Biesmeijer, J.C., Roberts, S.P.M., Reemer, M., Ohlemüller, R., Edwards, M., Peeters, T.,
Schaffers, A.P., Potts, S.G., Kleukers, R., Thomas, C.D., Settele, J., Kunin, W.E., 2006. Parallel declines in pollinators and insect-pollinated plants in Britain and the Netherlands.
Science (80-. ) 313, 351–354. https://doi.org/10.1126/science.1127863.
Bittleston, L.S., Baker, C.C.M., Strominger, L.B., Pringle, A., Pierce, N.E., 2016. Metabarcoding
as a tool for investigating arthropod diversity in Nepenthes pitcher plants. Aust. Ecol. 41,
120–132. https://doi.org/10.1111/aec.12271.
Blanchet, F.G., Cazelles, K., Gravel, D., 2020. Co-occurrence is not evidence of ecological interactions. Ecol. Lett. 23, 1050–1063. https://doi.org/10.1111/ele.13525.
Blouin, M., Hodson, M.E., Delgado, E.A., Baker, G., Brussaard, L., Butt, K.R., Dai, J.,
Dendooven, L., Peres, G., Tondoh, J.E., Cluzeau, D., Brun, J.J., 2013. A review of earthworm impact on soil function and ecosystem services. Eur. J. Soil Sci. 64, 161–182.
https://doi.org/10.1111/ejss.12025.
Boetzl, F., Krauss, J., Heinze, J., Steffan-Dewenter, I., 2021. A multitaxa assessment of the effectiveness of agri-environmental schemes for biodiversity management. PNAS 118,
e2016038118. https://doi.org/10.1073/pnas.2016038118.
Bohmann, K., Evans, A., Gilbert, M.T.P., Carvalho, G.R., Creer, S., Knapp, M., Yu, D.W., de
Bruyn, M., 2014. Environmental DNA for wildlife biology and biodiversity monitoring.
Trends Ecol. Evol. 29, 358–367. https://doi.org/10.1016/j.tree.2014.04.003.
Bosch, J., Martín González, A.M., Rodrigo, A., Navarro, D., 2009. Plant-pollinator networks:
adding the pollinator’s perspective. Ecol. Lett. 12, 409–419. https://doi.org/10.1111/j.
1461-0248.2009.01296.x.
Boykin, L.M., Sseruwagi, P., Alicai, T., Ateka, E., Mohammed, I.U., Stanton, J.A.L., Kayuki, C.,
Mark, D., Fute, T., Erasto, J., Bachwenkizi, H., Muga, B., Mumo, N., Mwangi, J., Abidrabo,
P., Okao-Okuja, G., Omuut, G., Akol, J., Apio, H.B., Osingada, F., Kehoe, M.A., Eccles, D.,
Savill, A., Lamb, S., Kinene, T., Rawle, C.B., Muralidhar, A., Mayall, K., Tairo, F.,
Ndunguru, J., 2019. Tree lab: portable genomics for early detection of plant viruses
and pests in sub-saharan Africa. Genes (Basel) 10, 632. https://doi.org/10.3390/
genes10090632.
Brennan, A., Fortune, T., Bolger, T., 2006. Collembola abundances and assemblage structures
in conventionally tilled and conservation tillage arable systems. Pedobiologia (Jena) 50,
135–145. https://doi.org/10.1016/J.PEDOBI.2005.09.004.
Bromenshenk, J.J., Carlson, S.R., Simpson, J.C., Thomas, J.M., 1985. Pollution monitoring of
Puget Sound with honey bees. Science (80-. ) 227, 632–634. https://doi.org/10.1126/
science.227.4687.632.
Bromenshenk, J.J., Henderson, C.B., Seccomb, R.A., Welch, P.M., Debnam, S.E., Firth, D.R.,
2015. Bees as biosensors: chemosensory ability, honey bee monitoring systems, and
emergent sensor technologies derived from the pollinator syndrome. Biosensors 5,
678–711. https://doi.org/10.3390/bios5040678.
Brown, J.K.M., Hovmøll, M.S., 2002. Aerial dispersal of pathogens on the global and continental scales and its impact on plant disease. Science (80-. ) 297, 537–541. https://doi.org/
10.1126/science.1072678.
Brunner, J.L., 2020. Pooled samples and eDNA-based detection can facilitate the “clean trade”
of aquatic animals. Sci. Rep. 10, 10280. https://doi.org/10.1038/s41598-020-66280-7.
Buée, M., Reich, M., Murat, C., Morin, E., Nilsson, R.H., Uroz, S., Martin, F., 2009. 454 pyrosequencing analyses of forest soils reveal an unexpectedly high fungal diversity. New
Phytol. 184, 449–456. https://doi.org/10.1111/j.1469-8137.2009.03003.x.
Bylemans, J., Furlan, E.M., Gleeson, D.M., Hardy, C.M., Duncan, R.P., 2018. Does size
matter? An experimental evaluation of the relative abundance and decay rates of
aquatic environmental DNA. Environ. Sci. Technol. 52, 6408–6416. https://doi.
org/10.1021/acs.est.8b01071.
Caldwell, A.C., Silva, L.C.F., Da Silva, C.C., Ouverney, C.C., 2015. Prokaryotic diversity in the
rhizosphere of organic, intensive, and transitional coffee farms in Brazil. PLoS One 10,
e0106355. https://doi.org/10.1371/journal.pone.0106355.
Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P., 2016.
DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods
13, 581–583. https://doi.org/10.1038/nmeth.3869.
Callahan, B.J., McMurdie, P.J., Holmes, S.P., 2017. Exact sequence variants should replace operational taxonomic units in marker-gene data analysis. ISME J. 11, 2639–2643. https://
doi.org/10.1038/ismej.2017.119.
Capo, E., Spong, G., Koizumi, S., Puts, I., Olajos, Fredrik, Königsson, H., Karlsson, J., Byström,
Pär, 2021. Droplet digital PCR applied to environmental DNA, a promising method to estimate ﬁsh population abundance from humic-rich aquatic ecosystems. Environ. DNA 3,
343–352. https://doi.org/10.1002/edn3.115.
Card, S.D., Pearson, M.N., Clover, G.R.G., 2007. Plant pathogens transmitted by pollen.
Australas. Plant Pathol. 36, 455–461. https://doi.org/10.1071/AP07050.
Carroll, E.L., Bruford, M.W., DeWoody, J.A., Leroy, G., Strand, A., Waits, L., Wang, J., 2018.
Genetic and genomic monitoring with minimally invasive sampling methods. Evol.
Appl. 11, 1094–1119. https://doi.org/10.1111/eva.12600.
Castellano-Hinojosa, A., Strauss, S.L., 2021. Insights into the taxonomic and functional characterization of agricultural crop core rhizobiomes and their potential microbial drivers.
Sci. Rep. 11, 10068. https://doi.org/10.1038/s41598-021-89569-7.
Ceresini, P.C., Castroagudín, V.L., Rodrigues, F.Á., Rios, J.A., Aucique-Pérez, C.E., Moreira,
S.I., Croll, D., Alves, E., de Carvalho, G., Maciel, J.L.N., McDonald, B.A., 2019. Wheat
blast: from its origins in South America to its emergence as a global threat. Mol. Plant
Pathol. 20, 155–172. https://doi.org/10.1111/mpp.12747.
Cha, R., Thilly, W., 1993. Speciﬁcity, efﬁciency, and ﬁdelity of PCR. Genome Res. 3, S18–S29.
Chaloner, T.M., Gurr, S.J., Bebber, D.P., 2021. Plant pathogen infection risk tracks global crop
yields under climate change. Nat. Clim. Chang. 11, 710–715. https://doi.org/10.1038/
s41558-021-01104-8.
Chang, H., Guo, J., Fu, X., Liu, Y., Wyckhuys, K.A.G., Hou, Y., Wu, K., 2018. Molecularassisted pollen grain analysis reveals spatiotemporal origin of long-distance migrants of
a noctuid moth. Int. J. Mol. Sci. 19, 567. https://doi.org/10.3390/ijms19020567.
Clare, E.L., Economou, C.K., Faulkes, C.G., Gilbert, J.D., Bennett, F., Drinkwater, R., Littlefair,
J.E., 2021. eDNAir: proof of concept that animal DNA can be collected from air sampling.
PeerJ 9, e11030. https://doi.org/10.7717/peerj.11030.

Declaration of competing interest
The authors declare that they have no known competing ﬁnancial interests or personal relationships that could have appeared to inﬂuence the
work reported in this paper.
Acknowledgements
We acknowledge the traditional owners of the land on which the research presented here was undertaken, the Whadjuk Noongar people, and
pay our respects to Elders past, present and emerging.
References
Abdel-Moein, K.A., Saeed, H., 2016. The zoonotic potential of Giardia intestinalis assemblage
E in rural settings. Parasitol. Res. 115, 3197–3202. https://doi.org/10.1007/s00436-0165081-7.
Adhikari, D., Perwira, I., Araki, K., Kubo, M., 2016. Stimulation of soil microorganisms in
pesticide-contaminated soil using organic materials. AMIS Bioeng. 3, 379–388. https://
doi.org/10.3934/bioeng.2016.3.379.
Ahuja, A., Joshi, V., Singh, G., Kundu, A., Bhat, C.G., Kumar, S., Rao, U., Somvanshi, V.S.,
2021. Rapid and sensitive detection of potato cyst nematode Globodera rostochiensis
by loop-mediated isothermal ampliﬁcation assay. 3 Biotech 11, 294. https://doi.org/
10.1007/s13205-021-02830-8.
Aizpurua, O., Budinski, I., Georgiakakis, P., Gopalakrishnan, S., Ibanez, C., Mata, V., Rebelo,
H., Russo, D., Szodoray-Paradi, F., Zhelyazkova, V., Zrncic, V., Gilbert, T., Alberdi, A.,
2017. Agriculture shapes the trophic niche of a bat preying on multiple pest arthropods
across Europe: evidence from DNA metabarcoding. Mol. Ecol. 27, 815–825. https://doi.
org/10.1111/mec.14474.
Alemayehu, G., Mamo, G., Desta, H., Alemu, B., Wieland, B., 2021. Knowledge, attitude,
and practices to zoonotic disease risks from livestock birth products among smallholder communities in Ethiopia. One Heal. 12, 100223. https://doi.org/10.1016/j.
onehlt.2021.100223.
Alexander, J.B., Bunce, M., White, N., Wilkinson, S.P., Adam, A.A.S., Berry, T., Stat, M.,
Thomas, L., Newman, S., Dugal, L., Richards, Z.T., 2020. Development of a multi-assay
approach for monitoring coral diversity using eDNA metabarcoding. Coral Reefs 39,
159–171. https://doi.org/10.1007/s00338-019-01875-9.
Allen, M.C., Nielsen, A.L., Peterson, D.L., Lockwood, J.L., 2021. Terrestrial eDNA survey outperforms conventional approach for detecting an invasive pest insect within an agricultural ecosystem. Environ. DNA 3, 1102–1112. https://doi.org/10.1002/edn3.231.
Aloo, B., Mbega, E., Makumba, B., 2020. Rhizobacteria-based technology for sustainable
cropping of potato (Solanum tuberosum L.). Potato Res. 63, 157–177. https://doi.org/
10.1007/s11540-019-09432-1.
Amari, K., Huang, C., Heinlein, M., 2021. Potential impact of global warming on virus propagation in infected plants and agricultural productivity. Front. Plant Sci. 12, 649768.
https://doi.org/10.3389/fpls.2021.649768.
Ashfaq, M., Hebert, P.D.N., Naaum, A., 2016. DNA barcodes for bio-surveillance: regulated
and economically important arthropod plant pests. Genome 59, 933–945. https://doi.
org/10.1139/gen-2016-0024.
Badial, A.B., Sherman, D., Stone, A., Gopakumar, A., Wilson, V., Schneider, W., King, J., 2018.
Nanopore sequencing as a surveillance tool for plant pathogens in plant and insect tissues.
Plant Dis. 102, 1648–1652. https://doi.org/10.1094/PDIS-04-17-0488-RE.
Barrios, E., 2007. Soil biota, ecosystem services and land productivity. Ecol. Econ. 64,
269–285. https://doi.org/10.1016/j.ecolecon.2007.03.004.
Barroso-Bergadà, D., Pauvert, C., Vallance, J., Delière, L., Bohan, D.A., Buée, M., Vacher, C.,
2021. Microbial networks inferred from environmental DNA data for biomonitoring ecosystem change: strengths and pitfalls. Mol. Ecol. Resour. 21, 762–780. https://doi.org/
10.1111/1755-0998.13302.
Bartlett, M.D., Harris, J.A., James, I.T., Ritz, K., 2006. Inefﬁciency of mustard extraction technique for assessing size and structure of earthworm communities in UK pasture. Soil Biol.
Biochem. 38, 2990–2992. https://doi.org/10.1016/j.soilbio.2006.04.036.
Bell, K.L., De Vere, N., Keller, A., Richardson, R.T., Gous, A., Burgess, K.S., Brosi, B.J., 2016.
Pollen DNA barcoding: current applications and future prospects. Genome 59,
629–640. https://doi.org/10.1139/gen-2015-0200.
Bellemain, E., Carlsen, T., Brochmann, C., Coissac, E., Taberlet, P., Kauserud, H., 2010. ITS as
an environmental DNA barcode for fungi: An in silico approach reveals potential PCR
biases. BMC Microbiol. 10, 189. https://doi.org/10.1186/1471-2180-10-189.
Berendsen, R.L., Pieterse, C.M.J., Bakker, P.A.H.M., 2012. The rhizosphere microbiome
and plant health. Trends Plant Sci. 17, 478–486. https://doi.org/10.1016/j.tplants.
2012.04.001.
Beydoun, M.A., Powell, L.M., Chen, X., Wang, Y., 2011. Food prices are associated with dietary quality, fast food consumption, and body mass index among U.S. children and adolescents. J. Nutr. 141, 304–311. https://doi.org/10.3945/jn.110.132613.
Bienert, F., De Danieli, S., Miquel, C., Coissac, E., Poillot, C., Brun, J.J., Taberlet, P., 2012.
Tracking earthworm communities from soil DNA. Mol. Ecol. 21, 2017–2030. https://
doi.org/10.1111/j.1365-294X.2011.05407.x.

15

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556
Epelde, L., Urra, J., Anza, M., Gamboa, J., Garbisu, C., 2020. Inoculation of arbuscular mycorrhizal fungi increases lettuce yield without altering natural soil communities. Arch.
Agron. Soil Sci. 68, 413–430. https://doi.org/10.1080/03650340.2020.1839056.
Evans, D.M., Kitson, J.J., 2020. Molecular ecology as a tool for understanding pollination and
other plant–insect interactions. Curr. Opin. Insect Sci. 38, 26–33. https://doi.org/10.
1016/j.cois.2020.01.005.
FAO, 2020. The State of Food Security and Nutrition in the World 2020, The State of Food Security and Nutrition in the World 2020. FAO, IFAD, UNICEF, WFP and WHO https://doi.
org/10.4060/ca9692en.
Ficetola, G.F., Miaud, C., Pompanon, F., Taberlet, P., 2008. Species detection using environmental DNA from water samples. Biol. Lett. 4, 423–425. https://doi.org/10.1098/rsbl.
2008.0118.
Ficetola, G.F., Pansu, J., Bonin, A., Coissac, E., Giguet-Covex, C., De Barba, M., Gielly, L.,
Lopes, C.M., Boyer, F., Pompanon, F., Rayé, G., Taberlet, P., 2015. Replication levels,
false presences and the estimation of the presence/absence from eDNA metabarcoding
data. Mol. Ecol. Resour. 15, 543–556. https://doi.org/10.1111/1755-0998.12338.
Ficetola, G.F., Taberlet, P., Coissac, E., 2016. How to limit false positives in environmental
DNA and metabarcoding? Mol. Ecol. Resour. 16, 604–607. https://doi.org/10.1111/
1755-0998.12508.
Flood, J., 2010. The importance of plant health to food security. Food Secur. 2, 215–231.
https://doi.org/10.1007/s12571-010-0072-5.
Folloni, S., Kagkli, D.M., Rajcevic, B., Guimarães, N.C.C., Van Droogenbroeck, B., Valicente,
F.H., Van den Eede, G., Van den Bulcke, M., 2012. Detection of airborne genetically modiﬁed maize pollen by real-time PCR. Mol. Ecol. Resour. 12, 810–821. https://doi.org/10.
1111/j.1755-0998.2012.03168.x.
Folmer, O., Hoeh, W., Black, M., Vrijenhoek, R., 1994. Conserved primers for PCR ampliﬁcation of mitochondrial DNA from different invertebrate phyla. Mol. Mar. Biol. Biotechnol.
3, 294–299.
Fonseca, V.G., 2018. Pitfalls in relative abundance estimation using edna metabarcoding. Mol.
Ecol. Resour. 18, 923–926. https://doi.org/10.1111/1755-0998.12902.
Foote, A.D., Thomsen, P.F., Sveegaard, S., Wahlberg, M., Kielgast, J., Kyhn, L.A., Salling, A.B.,
Galatius, A., Orlando, L., Gilbert, M.T.P., 2012. Investigating the potential use of environmental DNA (eDNA) for genetic monitoring of marine mammals. PLoS One 7, e41781.
https://doi.org/10.1371/journal.pone.0041781.
Fouts, D., Szpakowski, S., Purushe, J., Torralba, M., Waterman, R., MacNeil, M., Alexander, L.,
Nelson, K., 2012. Next generation sequencing to deﬁne prokaryotic and fungal diversity
in the bovine rumen. PLoS One 11, e48289. https://doi.org/10.1371/journal.pone.
0048289.
Frimpong, E.A., Gemmill-Herren, B., Gordon, I., Kwapong, P.K., 2011. Dynamics of insect pollinators as inﬂuenced by cocoa production systems in Ghana. J. Pollinat. Ecol. 5, 74–80.
https://doi.org/10.26786/1920-7603(2011)12.
Frøslev, T.G., Nielsen, I., Santos, S.S., Barnes, C., Bruun, H.H., Ejrnæs, R., 2021. The biodiversity effect of reduced tillage on soil microbiota. Ambio 51, 1022–1033. https://doi.org/
10.1007/s13280-021-01611-0.
Gamage, C., Sato, Y., Kimura, R., Yamashiro, T., Toma, C., 2020. Understanding leptospirosis
ecoepidemiology by environmental DNA metabarcoding of irrigation water from two
agro-ecological regions of Sri Lanka. PLoS Negl. Trop. Dis. 14, e0008437. https://doi.
org/10.1371/journal.pntd.0008437.
Garibaldi, L.A., Steffan-Dewenter, I., Winfree, R., Aizen, M.A., Bommarco, R., Cunningham,
S.A., Kremen, C., Carvalheiro, L.G., Harder, L.D., Aﬁk, O., Bartomeus, I., Benjamin, F.,
Boreux, V., Cariveau, D., Chacoff, N.P., Dudenhöffer, J.H., Freitas, B.M., Ghazoul, J.,
Greenleaf, S., Hipólito, J., Holzschuh, A., Howlett, B., Isaacs, R., Javorek, S.K.,
Kennedy, C.M., Krewenka, K.M., Krishnan, S., Mandelik, Y., Mayﬁeld, M.M., Motzke, I.,
Munyuli, T., Nault, B.A., Otieno, M., Petersen, J., Pisanty, G., Potts, S.G., Rader, R.,
Ricketts, T.H., Rundlöf, M., Seymour, C.L., Schüepp, C., Szentgyörgyi, H., Taki, H.,
Tscharntke, T., Vergara, C.H., Viana, B.F., Wanger, T.C., Westphal, C., Williams, N.,
Klein, A.M., 2013. Wild pollinators enhance fruit set of crops regardless of honey bee
abundance. Science (80-. ) 339, 1608–1611. https://doi.org/10.1126/science.1230200.
Gebreyes, W.A., Dupouy-Camet, J., Newport, M.J., Oliveira, C.J.B., Schlesinger, L.S., Saif,
Y.M., Kariuki, S., Saif, L.J., Saville, W., Wittum, T., Hoet, A., Quessy, S., Kazwala, R.,
Tekola, B., Shryock, T., Bisesi, M., Patchanee, P., Boonmar, S., King, L.J., 2014. The global
one health paradigm: challenges and opportunities for tackling infectious diseases at the
human, animal, and environment Interface in low-resource settings. PLoS Negl. Trop. Dis.
8, e3257. https://doi.org/10.1371/journal.pntd.0003257.
Genersch, E., Von Der Ohe, W., Kaatz, H., Schroeder, A., Otten, C., Büchler, R., Berg, S., Ritter,
W., Mühlen, W., Gisder, S., Meixner, M., Liebig, G., Rosenkranz, P., 2010. The German
bee monitoring project: a long term study to understand periodically high winter losses
of honey bee colonies. Apidologie 41, 332–352. https://doi.org/10.1051/apido/
2010014.
George, P.B.L., Keith, A.M., Creer, S., Barrett, G.L., Lebron, I., Emmett, B.A., Robinson, D.A.,
Jones, D.L., 2017. Evaluation of mesofauna communities as soil quality indicators in a
national-level monitoring programme. Soil Biol. Biochem. 115, 537–546. https://doi.
org/10.1016/j.soilbio.2017.09.022.
Gerlach, J., Samways, M., Pryke, J., 2013. Terrestrial invertebrates as bioindicators: An overview of available taxonomic groups. J. Insect Conserv. 17, 831–850. https://doi.org/10.
1007/s10841-013-9565-9.
Goldberg, C.S., Strickler, K.M., Fremier, A.K., 2018. Degradation and dispersion limit environmental DNA detection of rare amphibians in wetlands: increasing efﬁcacy of sampling designs. Sci. Total Environ. 633, 695–703. https://doi.org/10.1016/j.scitotenv.2018.02.295.
Goulson, D., Hughes, W.O.H., 2015. Mitigating the anthropogenic spread of bee parasites to
protect wild pollinators. Biol. Conserv. 191, 10–19. https://doi.org/10.1016/j.biocon.
2015.06.023.
de Graaff, M.A., Hornslein, N., Throop, H.L., Kardol, P., van Diepen, L.T.A., 2019. Effects of
agricultural intensiﬁcation on soil biodiversity and implications for ecosystem functioning: a meta-analysis. In: Sparks, D. (Ed.), Advances in Agronomy. Academic Press,
pp. 1–44 https://doi.org/10.1016/bs.agron.2019.01.001.

Clarke, L.J., Soubrier, J., Weyrich, L.S., Cooper, A., 2014. Environmental metabarcodes for insects: in silico PCR reveals potential for taxonomic bias. Mol. Ecol. Resour. 14,
1160–1170. https://doi.org/10.1111/1755-0998.12265.
Clay, K., Hardy, T.N., Hammond, A.M., 1985. Fungal endophytes of grasses and their effects
on an insect herbivore. Oecologia 66, 1–5. https://doi.org/10.1007/BF00378545.
Čoja, T., Zehetner, K., Bruckner, A., Watzinger, A., Meyer, E., 2008. Efﬁcacy and side effects of
ﬁve sampling methods for soil earthworms (Annelida, Lumbricidae). Ecotoxicol. Environ.
Saf. 71, 552–565. https://doi.org/10.1016/j.ecoenv.2007.08.002.
Cole, M.B., Augustin, M.A., Robertson, M.J., Manners, J.M., 2018. The science of food security. npj Sci. Food 2, 14. https://doi.org/10.1038/s41538-018-0021-9.
Cook, J.M., Power, S.A., 1996. Effects of within-tree ﬂowering asynchrony on the dynamics of
seed and wasp production in an Australian ﬁg species. J. Biogeogr. 23, 487–493. https://
doi.org/10.1111/j.1365-2699.1996.tb00010.x.
Crisol-Martínez, E., Moreno-Moyano, L.T., Wormington, K.R., Brown, P.H., Stanley, D., 2016.
Using next-generation sequencing to contrast the diet and explore pest-reduction services
of sympatric bird species in macadamia orchards in Australia. PLoS One 11, e0150159.
https://doi.org/10.1371/journal.pone.0150159.
Danner, N., Keller, A., Härtel, S., Steffan-Dewenter, I., 2017. Honey bee foraging ecology: season but not landscape diversity shapes the amount and diversity of collected pollen. PLoS
One 12, e0183716. https://doi.org/10.1371/journal.pone.0183716.
Davis, C.N., Tyson, F., Cutress, D., Davies, E., Jones, D.L., Brophy, P.M., Prescott, A., Rose,
M.T., Williams, M., Williams, H.W., Jones, R.A., 2020. Rapid detection of Galba
truncatula in water sources on pasture-land using loop-mediated isothermal ampliﬁcation
for control of trematode infections. Parasites and Vectors 13, 496. https://doi.org/10.
1186/s13071-020-04371-0.
DAWE, 2021. National Khapra Beetle Action Plan 2021–2031 (Canberra).
Deagle, B.E., Eveson, J.P., Jarman, S.N., 2006. Quantiﬁcation of damage in DNA recovered
from highly degraded samples - a case study on DNA in faeces. Front. Zool. 3, 11.
https://doi.org/10.1186/1742-9994-3-11.
Deagle, B.E., Jarman, S.N., Coissac, E., Pompanon, F., Taberlet, P., 2014. DNA metabarcoding
and the cytochrome c oxidase subunit I marker: not a perfect match. Biol. Lett. 10,
20140562. https://doi.org/10.1098/rsbl.2014.0562.
Deiner, K., Bik, H.M., Mächler, E., Seymour, M., Lacoursière-Roussel, A., Altermatt, F., Creer,
S., Bista, I., Lodge, D.M., de Vere, N., Pfrender, M.E., Bernatchez, L., 2017. Environmental
DNA metabarcoding: transforming how we survey animal and plant communities. Mol.
Ecol. 26, 5872–5895. https://doi.org/10.1111/mec.14350.
Dejean, T., Valentini, A., Duparc, A., Pellier-Cuit, S., Pompanon, F., Taberlet, P., Miaud, C.,
2011. Persistence of environmental DNA in freshwater ecosystems. PLoS One 6,
e23398. https://doi.org/10.1371/journal.pone.0023398.
Delgado-Baquerizo, M., Powell, J.R., Hamonts, K., Reith, F., Mele, P., Brown, M.V., Dennis,
P.G., Ferrari, B.C., Fitzgerald, A., Young, A., Singh, B.K., Bissett, A., 2017. Circular linkages
between soil biodiversity, fertility and plant productivity are limited to topsoil at the continental scale. New Phytol. 215, 1186–1196. https://doi.org/10.1111/nph.14634.
Delpietro, H.A., Larghi, O.P., Russo, R.G., 2001. Virus isolation from saliva and salivary glands
of cattle naturally infected with paralytic rabies. Prev. Vet. Med. 48, 223–228. https://
doi.org/10.1016/S0167-5877(00)00187-2.
Deng, M.H., Zhong, L.Y., Kamolnetr, O., Limpanont, Y., Lv, Z.Y., 2019. Detection of helminths
by loop-mediated isothermal ampliﬁcation assay: a review of updated technology and future outlook. Infect. Dis. Poverty 8, 20. https://doi.org/10.1186/s40249-019-0530-z.
Derocles, S.A.P., Evans, D.M., Nichols, P.C., Evans, S.A., Lunt, D.H., 2015. Determining plant leaf miner - parasitoid interactions: a DNA barcoding approach. PLoS One 10, e0117872.
https://doi.org/10.1371/journal.pone.0117872.
Dessaux, Y., Grandclément, C., Faure, D., 2016. Engineering the rhizosphere. Trends Plant Sci.
21, 266–278. https://doi.org/10.1016/j.tplants.2016.01.002.
Dickie, I.A., Boyer, S., Buckley, H.L., Duncan, R.P., Gardner, P.P., Hogg, I.D., Holdaway, R.J.,
Lear, G., Makiola, A., Morales, S.E., Powell, J.R., Weaver, L., 2018. Towards robust and
repeatable sampling methods in eDNA-based studies. Mol. Ecol. Resour. 18, 940–952.
https://doi.org/10.1111/1755-0998.12907.
Dodd, J., Jeger, M., Plumbley, R., 1990. The biology and control of Colletotnchum species on
tropical fruit crops. Plant Pathol. 39, 343–366.
Dopheide, A., Makiola, A., Orwin, K.H., Holdaway, R.J., Wood, J.R., Dickie, I.A., 2020. Rarity
is a more reliable indicator of land-use impacts on soil invertebrate communities than
other diversity metrics. Elife 9, e52787. https://doi.org/10.7554/eLife.52787.
Dorazio, R.M., Erickson, R.A., 2017. Ednaoccupancy: an R package for multiscale occupancy
modelling of environmental DNA data. Mol. Ecol. Resour. 18, 368–380. https://doi.org/
10.1111/1755-0998.12735.
Dorjsuren, T., Ganzorig, S., Dagvasumberel, M., Tsend-Ayush, A., Ganbold, C., Ganbat, M.,
Tsogzolbaatar, E.O., Tsevelvaanchig, U., Narantsogt, G., Boldbaatar, C., Mundur, B.,
Khand-Ish, M., Agvaandaram, G., 2020. Prevalence and risk factors associated with
human cystic echinococcosis in rural areas, Mongolia. PLoS One 15, e0235399. https://
doi.org/10.1371/journal.pone.0235399.
Doser, J.W., Finley, A.O., Kéry, M., Zipkin, E.F., 2022. spOccupancy: an R package for singlespecies, multi-species, and integrated spatial occupancy models. Methods Ecol. Evol. 00,
1–9. https://doi.org/10.1111/2041-210x.13897.
Dunse, K.M., Stevens, J.A., Lay, F.T., Gaspar, Y.M., Heath, R.L., Anderson, M.A., 2010.
Coexpression of potato type I and II proteinase inhibitors gives cotton plants protection
against insect damage in the ﬁeld. PNAS 107, 15011–15015. https://doi.org/10.1073/
pnas.1009241107.
Edwards, D.P., Magrach, A., Woodcock, P., Ji, Y., Lim, N.T.L., Edwards, F.A., Larsen, T.H.,
Hsu, W.W., Benedick, S., Khen, C.V., Chung, A.Y.C., Reynolds, G., Fisher, B., Laurance,
W.F., Wilcove, D.S., Hamer, K.C., Yu, D.W., 2014. Selective-logging and oil palm:
multitaxon impacts, biodiversity indicators, and trade-offs for conservation planning.
Ecol. Appl. 24, 2029–2049. https://doi.org/10.1890/14-0010.1.
Emenyeonu, L.C., Croxford, A.E., Wilkinson, M.J., 2018. The potential of aerosol eDNA sampling for the characterisation of commercial seed lots. PLoS One 13, e0201617. https://
doi.org/10.1371/journal.pone.0201617.

16

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556
Isvilanonda, S., Bunyasiri, I., 2009. Food security in Thailand: status, rural poor vulnerability,
and some policy options, agricultural and resource economics working paper no. 2552/1.
Food and Fertilizer Technology Center for Asian and the Paciﬁc Region, Taipei, Taiwan.
Jackman, J.M., Benvenuto, C., Coscia, I., Oliveira Carvalho, C., Ready, J.S., Boubli, J.P.,
Magnusson, W.E., McDevitt, A.D., Guimarães Sales, N., 2021. eDNA in a bottleneck: obstacles to ﬁsh metabarcoding studies in megadiverse freshwater systems. Environ. DNA
3, 837–849. https://doi.org/10.1002/edn3.191.
Jiang, H., Huang, L., Deng, Y., Wang, S., Zhou, Y., Liu, L., Dong, H., 2014. Latitudinal distribution of ammonia-oxidizing bacteria and archaea in the agricultural soils of eastern China. Appl. Environ. Microbiol. 80, 5593–5602. https://doi.org/10.1128/
AEM.01617-14.
Jo, T., Takao, K., Minamoto, T., 2021. Linking the state of environmental DNA to its application for biomonitoring and stock assessment: targeting mitochondrial/nuclear genes, and
different DNA fragment lengths and particle sizes. Environ. DNA 4, 271–283. https://doi.
org/10.1002/edn3.253.
Johnson, M.D., Cox, R.D., Barnes, M.A., 2019. The detection of a non-anemophilous plant species using airborne eDNA. PLoS One, 14 https://doi.org/10.1371/journal.pone.0225262.
Johnson, M., Cox, R.D., Barnes, M.A., 2019a. The detection of a non-anemophilous plant species using airborne eDNA. PLoS One 14, e0225262. https://doi.org/10.1371/journal.
pone.0225262.
Johnson, M., Cox, R.D., Barnes, M.A., 2019b. Analyzing airborne environmental DNA: a comparison of extraction methods, primer type, and trap type on the ability to detect airborne
eDNA from terrestrial plant communities. Environ. DNA 1, 176–185. https://doi.org/10.
1002/edn3.19.
Jones, R.A.C., 2009. Plant virus emergence and evolution: origins, new encounter scenarios,
factors driving emergence, effects of changing world conditions, and prospects for control. Virus Res. 141, 113–130. https://doi.org/10.1016/j.virusres.2008.07.028.
Karlsson, E., Johansson, A.-M., Ahlinder, J., Lundkvist, M.J., Singh, N., Brodin, T., Forsman,
M., Stenberg, P., 2020. Airborne microbial biodiversity and seasonality in northern and
southern Sweden. PeerJ 8, e8424. https://doi.org/10.7717/peerj.8424.
Kelly, R.P., Closek, C.J., O’Donnell, J.L., Kralj, J.E., Shelton, A.O., Samhouri, J.F., 2017. Genetic and manual survey methods yield different and complementary views of an ecosystem. Front. Mar. Sci. 3, 283. https://doi.org/10.3389/fmars.2016.00283.
Kocher, T.D., Thomas, W.K., Meyer, A., Edwards, S.V., Paabo, S., Villablanca, F.X., Wilson,
A.C., 1989. Dynamics of mitochondrial DNA evolution in animals: ampliﬁcation and sequencing with conserved primers. PNAS 86, 6196–6200. https://doi.org/10.1073/
pnas.86.16.6196.
Kraaijeveld, K., de Weger, L.A., Ventayol García, M., Buermans, H., Frank, J., Hiemstra, P.S.,
den Dunnen, J.T., 2015. Efﬁcient and sensitive identiﬁcation and quantiﬁcation of airborne pollen using next-generation DNA sequencing. Mol. Ecol. Resour. 15, 8–16.
https://doi.org/10.1111/1755-0998.12288.
Kress, W.J., García-Robledo, C., Uriarte, M., Erickson, D.L., 2015. DNA barcodes for ecology,
evolution, and conservation. Trends Ecol. Evol. 30, 25–35. https://doi.org/10.1016/j.
tree.2014.10.008.
Krishnan, A., Pramanik, G., Revadi, S., Venkateswaran, V., Borges, 2014. High temperatures
result in smaller nurseries which lower reproduction of pollinators and parasites in a
brood site pollination mutualism. PLoS One 9, e11511. https://doi.org/10.1371/journal.pone.01151.
Kudoh, A., Minamoto, T., Yamamoto, S., 2020. Detection of herbivory: eDNA detection from
feeding marks on leaves. Environ. DNA 2, 627–634. https://doi.org/10.1002/edn3.113.
Lach, L., Kratz, M., Baer, B., 2015. Parasitized honey bees are less likely to forage and carry
less pollen. J. Invertebr. Pathol. 130, 64–71. https://doi.org/10.1016/j.jip.2015.06.003.
Langlois, V.S., Allison, M.J., Bergman, L.C., To, T.A., Helbing, C.C., 2021. The need for robust
qPCR-based eDNA detection assays in environmental monitoring and species inventories.
Environ. DNA 3, 519–527. https://doi.org/10.1002/edn3.164.
Lanzén, A., Lekang, K., Jonassen, I., Thompson, E.M., Troedsson, C., 2017. DNA extraction
replicates improve diversity and compositional dissimilarity in metabarcoding of eukaryotes in marine sediments. PLoS One 12, e0179443. https://doi.org/10.1371/journal.
pone.0179443.
Latombe, G., Hui, C., McGeoch, M.A., 2017. Multi-site generalised dissimilarity modelling:
using zeta diversity to differentiate drivers of turnover in rare and widespread species.
Methods Ecol. Evol. 8, 431–442. https://doi.org/10.1111/2041-210X.12756.
Latz, M.A.C., Kerrn, M.H., Sørensen, H., Collinge, D.B., Jensen, B., Brown, J.K.M., Madsen,
A.M., Jørgensen, H.J.L., 2021. Succession of the fungal endophytic microbiome of
wheat is dependent on tissue-speciﬁc interactions between host genotype and environment. Sci. Total Environ. 759, 143804. https://doi.org/10.1016/j.scitotenv.2020.
143804.
Lautenbach, S., Seppelt, R., Liebscher, J., Dormann, C.F., 2012. Spatial and temporal trends of
global pollination beneﬁt. PLoS One 7, e35954. https://doi.org/10.1371/journal.pone.
0035954.
Leese, F., Sander, M., Buchner, D., Elbrecht, V., Haase, P., Zizka, V.M.A., 2021. Improved
freshwater macroinvertebrate detection from environmental DNA through minimized
nontarget ampliﬁcation. Environ. DNA 3, 261–276. https://doi.org/10.1002/edn3.177.
Lesk, C., Anderson, W., 2021. Decadal variability modulates trends in concurrent heat and
drought over global croplands. Environ. Res. Lett. 16, 055024. https://doi.org/10.
1088/1748-9326/abeb35.
Leskey, T.C., Lee, D.H., Short, B.D., Wright, S.E., 2012. Impact of insecticides on the invasive
Halyomorpha halys (Hemiptera: Pentatomidae): analysis of insecticide lethality. J. Econ.
Entomol. 105, 1726–1735. https://doi.org/10.1603/EC12096.
Levy-Booth, D.J., Campbell, R.G., Gulden, R.H., Hart, M.M., Powell, J.R., Klironomos, J.N.,
Pauls, K.P., Swanton, C.J., Trevors, J.T., Dunﬁeld, K.E., 2007. Cycling of extracellular
DNA in the soil environment. Soil Biol. Biochem. 39, 2977–2991. https://doi.org/10.
1016/j.soilbio.2007.06.020.
Lippert, C., Feuerbacher, A., Narjes, M., 2021. Revisiting the economic valuation of agricultural losses due to large-scale changes in pollinator populations. Ecol. Econ. 180,
106860. https://doi.org/10.1016/j.ecolecon.2020.106860.

Grafton, R.Q., Daugbjerg, C., Qureshi, M.E., 2015. Towards food security by 2050. Food
Secur. 7, 179–183. https://doi.org/10.1007/s12571-015-0445-x.
Gray, A., Adjlane, N., Arab, A., Ballis, A., Brusbardis, V., Charrière, J.D., Chlebo, R., Coffey,
M.F., Cornelissen, B., Amaro da Costa, C., Dahle, B., Danihlík, J., Dražić, M.M., Evans,
G., Fedoriak, M., Forsythe, I., Gajda, A., de Graaf, D.C., Gregorc, A., Ilieva, I.,
Johannesen, J., Kauko, L., Kristiansen, P., Martikkala, M., Martín-Hernández, R.,
Medina-Flores, C.A., Mutinelli, F., Patalano, S., Raudmets, A., Martin, G.S., Soroker, V.,
Stevanovic, J., Uzunov, A., Vejsnaes, F., Williams, A., Zammit-Mangion, M.,
Brodschneider, R., 2020. Honey bee colony winter loss rates for 35 countries participating in the COLOSS survey for winter 2018–2019, and the effects of a new queen on the
risk of colony winter loss. J. Apic. Res. 59, 744–751. https://doi.org/10.1080/
00218839.2020.1797272.
Green, R., Cornelsen, L., Dangour, A.D., Honorary, R.T., Shankar, B., Mazzocchi, M., Smith,
R.D., 2013. The effect of rising food prices on food consumption:systematic review
with meta-regression. BMJ 347, 1–9. https://doi.org/10.1136/bmj.f3703.
Gregorič, M., Kutnjak, D., Bačnik, K., Gostinčar, C., Pecman, A., Ravnikar, M., Kuntner, M.,
2022. Spider webs as eDNA samplers: biodiversity assessment across the tree of life.
Mol. Ecol. Resour. 4, 271–283. https://doi.org/10.1002/edn3.253.
Grubisic, M., van Grunsven, R.H.A., Kyba, C.C.M., Manfrin, A., Hölker, F., 2018. Insect declines and agroecosystems: does light pollution matter? Ann. Appl. Biol. 173, 180–189.
https://doi.org/10.1111/aab.12440.
Guerrieri, A., Bonin, A., Münkemüller, T., Gielly, L., Thuiller, W., Gentile, Ficetola, F., 2021.
Effects of soil preservation for biodiversity monitoring using environmental DNA. Mol.
Ecol. 30, 3313–3325. https://doi.org/10.1111/mec.15674.
Haile, J., Froese, D.G., MacPhee, R.D.E., Roberts, R.G., Arnold, L.J., Reyes, A.V., Rasmussen,
M., Nielsen, R., Brook, B.W., Robinson, S., Demuro, M., Gilbert, M.T.P., Munch, K.,
Austin, J.J., Cooper, A., Barnes, I., Möller, P., Willerslev, E., 2009. Ancient DNA reveals
late survival of mammoth and horse in interior Alaska. PNAS 106, 22352–22357.
https://doi.org/10.1073/pnas.0912510106.
Halliday, J.E.B., Meredith, A.L., Knobel, D.L., Shaw, D.J., Bronsvoort, B.M.D.C., Cleaveland,
S., 2007. A framework for evaluating animals as sentinels for infectious disease surveillance. J. R. Soc. Interface 4, 973–984. https://doi.org/10.1098/rsif.2007.0237.
Hamdi, Y., Zass, L., Othman, H., Radouani, F., Allali, I., Hanachi, M., Okeke, C.J., Chaouch,
M., Tendwa, M.B., Samtal, C., Mohamed Sallam, R., Alsayed, N., Turkson, M., Ahmed,
S., Benkahla, A., Romdhane, L., Souiai, O., Tastan Bishop, Ö., Ghedira, K., Mohamed
Fadlelmola, F., Mulder, N., Kamal Kassim, S., 2021. Human OMICs and computational biology research in Africa: current challenges and prospects. Omi. A J. Integr. Biol. https://
doi.org/10.1089/omi.2021.0004.
Hamilton, J.G., Dermody, O., Aldea, M., Zangerl, A.R., Rogers, A., Berenbaum, M.R., DeLucia,
E.H., 2005. Anthropogenic changes in tropospheric composition increase susceptibility of
soybean to insect herbivory. Environ. Entomol. 34, 479–485. https://doi.org/10.1603/
0046-225X-34.2.479.
Harrison, J.B., Sunday, J.M., Rogers, S.M., 2019. Predicting the fate of eDNA in the environment and implications for studying biodiversity. Proc. R. Soc. B Biol. Sci. 286, 20191409.
https://doi.org/10.1098/rspb.2019.1409.
Harrison, J., Calder, J., Shuman, B., Buerkle, A., 2020. The quest for absolute abundance: the
use of internal standards for DNA-based community ecology. Mol. Ecol. Resour. 21,
30–43. https://doi.org/10.1111/1755-0998.13247.
Havis, N.D., Brown, J.K.M., Clemente, G., Frei, P., Jedryczka, M., Kaczmarek, J., Kaczmarek,
M., Matusinsky, P., McGrann, G.R.D., Pereyra, S., Piotrowska, M., Sghyer, H., Tellier, A.,
Hess, M., 2015. Ramularia collo-cygni - an emerging pathogen of barley crops. Phytopathology 105, 895–904. https://doi.org/10.1094/PHYTO-11-14-0337-FI.
Hawksworth, D.L., Lücking, R., 2017. Fungal diversity revisited: 2.2 to 3.8 million species.
Microbiol. Spectr. 5. https://doi.org/10.1128/microbiolspec.funk-0052-2016.
van der Heyde, M., Bunce, M., Wardell-Johnson, G., Fernandes, K., White, N.E., Nevill, P.,
2020. Testing multiple substrates for terrestrial biodiversity monitoring using environmental DNA metabarcoding. Mol. Ecol. Resour. 20, 732–745. https://doi.org/10.1111/
1755-0998.13148.
Horton, D.J., Kershner, M.W., Blackwood, C.B., 2017. Suitability of PCR primers for characterizing invertebrate communities from soil and leaf litter targeting metazoan 18S ribosomal
or cytochrome oxidase I (COI) genes. Eur. J. Soil Biol. 80, 43–48. https://doi.org/10.
1016/j.ejsobi.2017.04.003.
Hossain, A., Krupnik, T., Timsina, J., Mahboob, M., Chaki, A., Farooq, M., Bhatt, R., Fahad, S.,
Hasanuzzaman, M., 2020. Agricultural land degradation: processes and problems
undermining future food security. In: Fahad, S., Alam, M., Saeed, M., Adnan, M.,
Hasanuzzaman, M., Ullah, H., Khan, I. (Eds.), Environment, Climate, Plant and Vegetation Growth. Springer Nature, Cham, Switzerland, pp. 17–61 https://doi.org/10.1007/
978-3-030-49732-3_2.
Howlett, B.G., Evans, L.J., Kendall, L.K., Rader, R., McBrydie, H.M., Read, S.F.J., Cutting,
B.T., Robson, A., Pattemore, D.E., Willcox, B.K., 2018. Surveying insect ﬂower visitors to crops in New Zealand and Australia. bioRxiv, 373126 https://doi.org/10.
1101/373126.
Hugenholtz, P., Pace, N.R., 1996. Identifying microbial diversity in the natural environment: a
molecular phylogenetic approach. Trends Biotechnol. https://doi.org/10.1016/01677799(96)10025-1.
Ibaba, J.D., Gubba, A., 2020. High-throughput sequencing application in the diagnosis and
discovery of plant-infecting viruses in Africa, a decade later. Plants 9, 1–22. https://doi.
org/10.3390/plants9101376.
Imfeld, G., Vuilleumier, S., 2012. Measuring the effects of pesticides on bacterial communities
in soil: a critical review. Eur. J. Soil Biol. 49, 22–30. https://doi.org/10.1016/j.ejsobi.
2011.11.010.
Imms, A., 1947. Insect: Natural History. First. ed. Collins, London, UK.
IPBES, 2019. Summary for Policy Makers of the Global Assessment Report on Biodiversity and Ecosystem Services of the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services. Bonn, Germany. https://doi.org/10.5281/
zenodo.3831673.

17

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556
Miya, M., Gotoh, R.O., Sado, T., 2020. MiFish metabarcoding: a high-throughput approach for
simultaneous detection of multiple ﬁsh species from environmental DNA and other samples. Fish. Sci. https://doi.org/10.1007/s12562-020-01461-x.
Mohamed, A., 2020. Bovine tuberculosis at the human–livestock–wildlife interface and its
control through one health approach in the Ethiopian Somali Pastoralists: a review.
One Heal. 9, 100113. https://doi.org/10.1016/j.onehlt.2019.100113.
Mongeon, P., Paul-Hus, A., 2016. The journal coverage of web of science and Scopus: a comparative analysis. Scientometrics 106, 213–228. https://doi.org/10.1007/s11192-0151765-5.
Morales, F.J., 2006. History and current distribution of begomoviruses in Latin America. Adv.
Virus Res. 67, 127–162. https://doi.org/10.1016/S0065-3527(06)67004-8.
Morrissey, E.M., McHugh, T.A., Preteska, L., Hayer, M., Dijkstra, P., Hungate, B.A., Schwartz, E.,
2015. Dynamics of extracellular DNA decomposition and bacterial community composition in soil. Soil Biol. Biochem. 86, 42–49. https://doi.org/10.1016/j.soilbio.2015.03.020.
Mousavi-Derazmahalleh, M., Stott, A., Lines, R., Peverley, G., Nester, G., Simpson, T.,
Zawierta, M., De La Pierre, M., Bunce, M., Christophersen, C.T., 2021. eDNAFlow, an automated, reproducible and scalable workﬂow for analysis of environmental DNA sequences exploiting Nextﬂow and singularity. Mol. Ecol. Resour. 21, 1697–1704.
https://doi.org/10.1111/1755-0998.13356.
Narrod, C., Zinsstag, J., Tiongco, M., 2012. One health framework for estimating the economic costs of zoonotic diseases on society. Ecohealth 9, 150–162. https://doi.org/10.
1007/s10393-012-0747-9.
Navarro-Noya, Y.E., Montoya-Ciriaco, N., Muñoz-Arenas, L.C., Hereira-Pacheco, S., EstradaTorres, A., Dendooven, L., 2021. Conversion of a high-altitude temperate forest for agriculture reduced alpha and beta diversity of the soil fungal communities as revealed by a
metabarcoding analysis. Front. Microbiol. 12, 667566. https://doi.org/10.3389/fmicb.
2021.667566.
Nevill, P., Zhong, X., Tonti-Filippini, J., Byrne, M., Hislop, M., Thiele, K., van Leeuwen, S.,
Boykin, L., Small, I., 2020. Large scale genome skimming from herbarium material for accurate plant identiﬁcation and phylogenomics. Plant Methods 16, 1–8. https://doi.org/
10.1186/s13007-019-0534-5.
Nguyen, P., P.S, S., Thomas, A., Sinnesael, M., Haman, K., Cain, K., 2018. Rapid detection and
monitoring of Flavobacterium psychrophilum in water by using a handheld, ﬁeldportable quantitative PCR system. J. Aquat. Anim. Health 30, 302–311. https://doi.
org/10.1002/aah.10046.
Nielsen, K.M., Johnsen, P.J., Bensasson, D., Daffonchio, D., 2007. Release and persistence of
extracellular DNA in the environment. Environ. Biosaf. Res. 6, 37–53. https://doi.org/
10.1051/ebr:2007031.
Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T., Watanabe, K., Amino, N., Hase, T.,
2000. Loop-mediated isothermal ampliﬁcation of DNA. Nucleic Acids Res. 28, e63.
https://doi.org/10.1093/nar/28.12.e63.
Olanrewaju, Oluwaseyi, Ayansina, S., Ayangbenro, S., Glick, B.R., Babalola, O.O., 2018. Plant
health: feedback effect of root exudates-rhizobiome interactions. Appl. Microbiol.
Biotechnol. 103, 1155–1166. https://doi.org/10.1007/s00253-018-9556-6.
Olds, B.P., Jerde, C.L., Renshaw, M.A., Li, Y., Evans, N.T., Turner, C.R., Deiner, K., Mahon,
A.R., Brueseke, M.A., Shirey, P.D., Pfrender, M.E., Lodge, D.M., Lamberti, G.A., 2016. Estimating species richness using environmental DNA. Ecol. Evol. 6, 4214–4226. https://
doi.org/10.1002/ece3.2186.
Orgiazzi, A., Dunbar, M.B., Panagos, P., de Groot, G.A., Lemanceau, P., 2015. Soil biodiversity
and DNA barcodes: opportunities and challenges. Soil Biol. Biochem. 80, 244–250.
https://doi.org/10.1016/j.soilbio.2014.10.014.
Osunkoya, O.O., Lock, C.B., Dhileepan, K., Buru, J.C., 2021. Lag times and invasion dynamics of established and emerging weeds: insights from herbarium records of
Queensland, Australia. Biol. Invasions 23, 3383–3408. https://doi.org/10.1007/
s10530-021-02581-w.
Paﬁlis, E., Zafeiropoulos Viet, H., Quoc, H., Vasileiadou, K., Potirakis, A., 2020. PEMA: a ﬂexible pipeline for environmental DNA metabarcoding analysis of the 16S/18S rRNA, ITS
and COI marker genes. Gigascience 9, giaa2. https://doi.org/10.1093/gigascience/
giaa022.
Pandey, V., Ansari, M.W., Tula, S., Yadav, S., Sahoo, R.K., Shukla, N., Bains, G., Badal, S.,
Chandra, S., Gaur, A.K., Kumar, A., Shukla, A., Kumar, J., Tuteja, N., 2016. Dosedependent response of Trichoderma harzianum in improving drought tolerance in rice
genotypes. Planta 243, 1251–1264. https://doi.org/10.1007/s00425-016-2482-x.
Pankhurst, C.E., Ophel-Keller, K., Doube, B.M., Gupta, V.V.S.R., 1996. Biodiversity of soil microbial communities in agricultural systems. Biodivers. Conserv. 5, 197–209. https://doi.
org/10.1007/BF00055830.
Panno, S., Matić, S., Tiberini, A., Caruso, A.G., Bella, P., Torta, L., Stassi, R., Davino, S., 2020.
Loop mediated isothermal ampliﬁcation: principles and applications in plant virology.
Plants 9, 461. https://doi.org/10.3390/plants9040461.
Pardo, A., Borges, P.A.V., 2020. Worldwide importance of insect pollination in apple orchards: a review. Agric. Ecosyst. Environ. 293, 106839. https://doi.org/10.1016/j.agee.
2020.106839.
Pashley, C.H., Fairs, A., Free, R.C., Wardlaw, A.J., 2012. DNA analysis of outdoor air reveals a
high degree of fungal diversity, temporal variability, and genera not seen by spore morphology. Fungal Biol. 116, 214–224. https://doi.org/10.1016/j.funbio.2011.11.004.
Paternoster, G., Boo, G., Wang, C., Minbaeva, G., Usubalieva, J., Raimkulov, K.M., Zhoroev,
A., Abdykerimov, K.K., Kronenberg, P.A., Müllhaupt, B., Furrer, R., Deplazes, P.,
Torgerson, P.R., 2020. Epidemic cystic and alveolar echinococcosis in Kyrgyzstan: an
analysis of national surveillance data. Lancet Glob. Heal. 8, e603–e611. https://doi.
org/10.1016/S2214-109X(20)30038-3.
Pereira, K. de S., Meeus, I., Smagghe, G., 2019. Honey bee-collected pollen is a potential
source of Ascosphaera apis infection in managed bumble bees. Sci. Rep. 9, 4241.
https://doi.org/10.1038/s41598-019-40804-2.
Poggiato, G., Münkemüller, T., Bystrova, D., Arbel, J., Clark, J.S., Thuiller, W., 2021. On the
interpretations of joint modeling in community ecology. Trends Ecol. Evol. 36,
391–401. https://doi.org/10.1016/J.TREE.2021.01.002.

Littlefair, J.E., Clare, E.L., Naaum, A., 2016. Barcoding the food chain: from sanger to highthroughput sequencing. Genome 59, 946–958. https://doi.org/10.1139/gen-2016-0028.
LiveCorp, 2020. LiveCorp Annual Report 2019/20. Sydney, Australia.
Loeza-Quintana, T., Abbot, C., Heath, D., Bernatchez, L., Hanner, R., 2020. Pathway to increase standards and competency of eDNA surveys (PISCeS)-advancing collaboration
and standardization efforts in the ﬁeld of eDNA. Environ. DNA 2, 255–260. https://doi.
org/10.1002/edn3.112.
Loit, K., Adamson, K., Bahram, M., Puusepp, R., Anslan, S., Kiiker, R., Drenkhan, R.,
Tedersood, L., 2019. Relative performance of MinION (Oxford Nanopore technologies)
versus sequel (Paciﬁc biosciences) third generation sequencing instruments in identiﬁcation of agricultural and forest fungal pathogens. Appl. Environ. Microbiol. 85. https://doi.
org/10.1128/AEM.01368-19 (e01368-19).
Lomolino, M., 2004. Conservation biogeography. In: Lomolino, M.V., Heaney, L.R. (Eds.),
Frontiers of Biogeography: New Directions in the Geography of Nature. Sinauer Associates, Sunderland, Massachusetts, pp. 293–296.
Longhi, S., Cristofori, A., Gatto, P., Cristofolini, F., Grando, M.S., Gottardini, E., 2009. Biomolecular identiﬁcation of allergenic pollen: a new perspective for aerobiological monitoring? Ann. Allergy Asthma Immunol. 103, 508–514. https://doi.org/10.1016/S10811206(10)60268-2.
Lu, X., Wang, Xiaoquan, Zhan, T., Sun, Y., Wang, Xin, Xu, N., Liao, T., Chen, Y., Gu, M., Hu, S.,
Liu, Xiaowen, Liu, Xiufan, 2021. Surveillance of class I Newcastle disease virus at live bird
markets and commercial poultry farms in eastern China reveals the epidemic characteristics. Virol. Sin. 36, 818–822. https://doi.org/10.1007/s12250-021-00357-z.
Macgregor, C.J., Kitson, J.J.N., Fox, R., Hahn, C., Lunt, D.H., Pocock, M.J.O., Evans, D.M.,
2019. Construction, validation, and application of nocturnal pollen transport networks
in an agro-ecosystem: a comparison using light microscopy and DNA metabarcoding.
Ecol. Entomol. 44, 17–29. https://doi.org/10.1111/een.12674.
Mächler, E., Deiner, K., Spahn, F., Altermatt, F., 2016. Fishing in the water: effect of sampled
water volume on environmental DNA-based detection of macroinvertebrates. Environ.
Sci. Technol. 50, 305–312. https://doi.org/10.1021/acs.est.5b04188.
Makiola, A., Dickie, I.A., Holdaway, R.J., Wood, J.R., Orwin, K.H., Glare, T.R., 2019. Land use
is a determinant of plant pathogen alpha- but not beta-diversity. Mol. Ecol. 28,
3786–3798. https://doi.org/10.1111/mec.15177.
Marques, V., Milhau, T., Albouy, C., Dejean, T., Manel, S., Mouillot, D., Juhel, J.B., 2021.
GAPeDNA: assessing and mapping global species gaps in genetic databases for eDNA
metabarcoding. Divers. Distrib. 27, 1880–1892. https://doi.org/10.1111/ddi.13142.
Marx, V., 2015. PCR heads into the ﬁeld. Nat. Methods 12, 393–397. https://doi.org/10.
1038/nmeth.3369.
Mashilingi, S.K., Zhang, H., Chen, W., Vaissière, B.E., Garibaldi, L.A., An, J., 2021. Temporal
trends in pollination deﬁcits and its potential impacts on Chinese agriculture. J. Econ.
Entomol. 114, 1431–1440. https://doi.org/10.1093/jee/toab100.
Mathon, L., Valentini, A., Guérin, P.E., Normandeau, E., Noel, C., Lionnet, C., Boulanger, E.,
Thuiller, W., Bernatchez, L., Mouillot, D., Dejean, T., Manel, S., 2021. Benchmarking bioinformatic tools for fast and accurate eDNA metabarcoding species identiﬁcation. Mol.
Ecol. Resour. 21, 2565–2579. https://doi.org/10.1111/1755-0998.13430.
Mauvisseau, Q., Davy-Bowker, J., Bulling, M., Brys, R., Neyrinck, S., Troth, C., Sweet, M.,
2019. Combining ddPCR and environmental DNA to improve detection capabilities of a
critically endangered freshwater invertebrate. Sci. Rep. 9, 14064. https://doi.org/10.
1038/s41598-019-50571-9.
Mbow, C., Rosenzweig, C., 2019. Climate Change and Land: An IPCC Special Report on Climate Change, Desertiﬁcation, Land Degradation, Sustainable Land Management, Food
Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems. New York, USA.
Meena, K.K., Sorty, A.M., Bitla, U.M., Choudhary, K., Gupta, P., Pareek, A., Singh, D.P.,
Prabha, R., Sahu, P.K., Gupta, V.K., Singh, H.B., Krishanani, K.K., Minhas, P.S., 2017. Abiotic stress responses and microbe-mediated mitigation in plants: the omics strategies.
Front. Plant Sci. 8, 172. https://doi.org/10.3389/fpls.2017.00172.
Meiklejohn, K., Damaso, N., Robertson, J., 2019. Assessment of BOLD and GenBank – their
accuracy and reliability for the identiﬁcation of biological materials. PLoS One 14,
e0217084. https://doi.org/10.1371/journal.pone.0217084.
Memmott, J., Waser, N.M., Price, M.V., 2004. Tolerance of pollination networks to species extinctions. Proc. R. Soc. B Biol. Sci. 271, 2605–2611. https://doi.org/10.1098/rspb.2004.
2909.
Menta, C., Remelli, S., 2020. Soil health and arthropods: from complex system to worthwhile
investigation. Insects https://doi.org/10.3390/insects11010054.
Meyer, K.M., Petersen, I.A.B., Tobi, E., Korte, L., Bohannan, B.J.M., 2019. Use of RNA and
DNA to identify mechanisms of bacterial community homogenization. Front. Microbiol.
10, 2066. https://doi.org/10.3389/fmicb.2019.02066.
Mezzasalma, V., Sandionigi, A., Bruni, I., Bruno, A., Lovicu, G., Casiraghi, M., Labra, M., 2017.
Grape microbiome as a reliable and persistent signature of ﬁeld origin and environmental
conditions in Cannonau wine production. PLoS One 12, e0184615. https://doi.org/10.
1371/journal.pone.0184615.
Miaud, C., Arnal, V., Poulain, M., Valentini, A., Dejean, T., 2019. eDNA increases the detectability of ranavirus infection in an alpine amphibian population. Viruses 11, 526. https://
doi.org/10.3390/v11060526.
Michael, P., Jones, D., White, N., Hane, J.K., Bunce, M., Gibberd, M., 2020. Crop-zone weed
mycobiomes of the South-Western Australian Grain Belt. Front. Microbiol. 11, 581592.
https://doi.org/10.3389/fmicb.2020.581592.
Michelot-Antalik, A., Michel, N., Goulnik, J., Blanchetete, A., Delacroix, E., Faivre-Rampant,
P., Fiorelli, J., Galliot, J., Genoud, D., Lanore, L., Clainche, I., Paslier, M., Novak, S.,
Odoux, J., Brunel, D., Farruggia, A., 2021. Comparison of grassland plant-pollinator networks on dairy farms in three contrasting French landscapes. Acta Oecologia 112,
103763. https://doi.org/10.1016/j.actao.2021.103763.
Milazzo, C., Zulak, K.G., Muria-Gonzalez, M.J., Jones, D., Power, M., Bransgrove, K., Bunce,
M., Lopez-Ruiz, F.J., 2021. High-throughput metabarcoding characterizes fungal endophyte diversity in the phyllosphere of a barley crop. Phytobiomes J. 5, 316–325.
https://doi.org/10.1094/PBIOMES-09-20-0066-R.

18

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556
Rondon, M., August, P., Bettermann, A., Brady, S., Liles, M., Loiacono, K., Lynch, B., MacNeil,
I., Minor, C., Tiong, C., Gilman, M., Osburne, M., Clardy, J., Handelsman, J., Goodman,
R., 2000. Cloning the soil metagenome: a strategy for accessing the genetic and functional
diversity of uncultured microorganisms. Appl. Environ. Microbiol. 66, 2541–2547.
https://doi.org/10.1128/AEM.66.6.2541-2547.2000.
Roossinck, M.J., 2015. Plants, viruses and the environment: ecology and mutualism. Virology
479–480, 271–277. https://doi.org/10.1016/j.virol.2015.03.041.
Roossinck, M.J., Bazán, E.R., 2017. Symbiosis: viruses as intimate partners. Annu. Rev. Virol.
4, 123–139. https://doi.org/10.1146/annurev-virology-110615-042323.
Rouland-Lefevre, C., 2010. Termites as pests of agriculture. In: Bignell, D., Roisin, Y., Lo, N.
(Eds.), Biology of Termites: A Modern Synthesis. Springer, London, UK, pp. 499–517
https://doi.org/10.1007/978-90-481-3977-4.
Ruppert, K.M., Kline, R.J., Rahman, M.S., 2019. Past, present, and future perspectives of environmental DNA (eDNA) metabarcoding: a systematic review in methods, monitoring, and
applications of global eDNA. Glob. Ecol. Conserv. 17, e00547. https://doi.org/10.1016/j.
gecco.2019.e00547.
Saadiid, A., Amarir, F., Filali, H., Thys, S., Rhalem, A., Kirschvink, N., Raes, M., Marcotty, T.,
Oukessou, M., Duchateau, L., Sahibi, H., Antoine-Moussiaux, N., 2020. The socioeconomic burden of cystic echinococcosis in Morocco: a combination of estimation
method. PLoS Negl. Trop. Dis. 14, e0008410. https://doi.org/10.1371/journal.pntd.
0008410.
Saccò, M., Guzik, M.T., van der Heyde, M., Nevill, P., Cooper, S.J.B., Austin, A.D., Coates, P.J.,
Allentoft, M.E., White, N.E., 2022. eDNA in subterranean ecosystems: applications, technical aspects, and future prospects. Sci. Total Environ. 820, 153223. https://doi.org/10.
1016/j.scitotenv.2022.153223.
Sammataro, D., Gerson, U., Needham, G., 2000. Parasitic mites of honey bees: life history, implications, and impact. Annu. Rev. Entomol. 45, 519–548. https://doi.org/10.1146/
annurev.ento.45.1.519.
Sánchez-Bayo, F., Wyckhuys, K.A.G., 2019. Worldwide decline of the entomofauna: a review
of its drivers. Biol. Conserv. 232, 8–27. https://doi.org/10.1016/j.biocon.2019.01.020.
Sarkar, D., Kar, S.K., Chattopadhyay, A., Shikha A., Rakshit, Tripathi, V.K., Dubey, P.K.,
Abhilash, P.C., 2020. Low input sustainable agriculture: a viable climate-smart option
for boosting food production in a warming world. Ecol. Indic. 115, 106412. https://
doi.org/10.1016/j.ecolind.2020.106412.
Savary, S., Willocquet, L., Pethybridge, S.J., Esker, P., McRoberts, N., Nelson, A., 2019. The
global burden of pathogens and pests on major food crops. Nat. Ecol. Evol. 3, 430–439.
https://doi.org/10.1038/s41559-018-0793-y.
Schenekar, T., Schletterer, M., Lecaudey, L.A., Weiss, S.J., 2020. Reference databases, primer
choice, and assay sensitivity for environmental metabarcoding: lessons learnt from a reevaluation of an eDNA ﬁsh assessment in the Volga headwaters. River Res. Appl. 36,
1004–1013. https://doi.org/10.1002/rra.3610.
Schloter, M., Nannipieri, P., Sørensen, S.J., van Elsas, J.D., 2018. Microbial indicators for soil
quality. Biol. Fertil. Soils 54, 1–10. https://doi.org/10.1007/s00374-017-1248-3.
Schmidt, B., Kery, M., Ursenbacher, S., Hyman, O., Collins, J., 2013. Site occupancy models in
the analysis of environmental DNA presence/absence surveys: a case study of an emerging amphibian pathogen. Methods Ecol. Evol. 4, 646–653. https://doi.org/10.1111/
2041-210X.12052.
Schmidt, J.E., Mazza Rodrigues, J.L., Brisson, V.L., Kent, A., Gaudin, A.C.M., 2020. Impacts of
directed evolution and soil management legacy on the maize rhizobiome. Soil Biol.
Biochem. 145, 107794. https://doi.org/10.1016/j.soilbio.2020.107794.
Simberloff, D., Martin, J.L., Genovesi, P., Maris, V., Wardle, D.A., Aronson, J., Courchamp, F.,
Galil, B., García-Berthou, E., Pascal, M., Pyšek, P., Sousa, R., Tabacchi, E., Vilà, M., 2013.
Impacts of biological invasions: what’s what and the way forward. Trends Ecol. Evol. 28,
58–66. https://doi.org/10.1016/j.tree.2012.07.013.
Sirois, S.H., Buckley, D.H., 2019. Factors governing extracellular DNA degradation dynamics
in soil. Environ. Microbiol. Rep. 11, 173–184. https://doi.org/10.1111/1758-2229.
12725.
Skinner, M., Murdoch, M., Loeza-Quintana, T., Crookes, S., Hanner, R., 2020. A mesocosm
comparison of laboratory-based and on-site eDNA solutions for detection and quantiﬁcation of striped bass (Morone saxatilis) in marine ecosystems. Environ. DNA 2, 298–308.
https://doi.org/10.1002/edn3.61.
Smart, M.D., Cornman, R.S., Iwanowicz, D.D., McDermott-Kubeczko, M., Pettis, J.S., Spivak,
M.S., Otto, C.R.V., 2017. A comparison of honey bee-collected pollen from working agricultural lands using light microscopy and its metabarcoding. Environ. Entomol. 46,
38–49. https://doi.org/10.1093/ee/nvw159.
Smessaert, J., Van Geel, M., Verreth, C., Crauwels, S., Honnay, O., Keulemans, W., Lievens, B.,
2019. Temporal and spatial variation in bacterial communities of “Jonagold” apple
(Malus x domestica Borkh.) and “Conference” pear (Pyrus communis L.) ﬂoral nectar.
Microbiologyopen 8, e918. https://doi.org/10.1002/mbo3.918.
Smith, K.F., Guégan, J.F., 2010. Changing geographic distributions of human pathogens.
Annu. Rev. Ecol. Evol. Syst. 41, 231–250. https://doi.org/10.1146/annurev-ecolsys102209-144634.
Smith, K.M., Zambrana-Torrelio, C., White, A., Asmussen, M., Machalaba, C.,
Kennedy, S., Lopez, K., Wolf, T.M., Daszak, P., Travis, D.A., Karesh, W.B., 2017.
Summarizing US wildlife trade with an eye toward assessing the risk of infectious
disease introduction. Ecohealth 14, 29–39. https://doi.org/10.1007/s10393-0171211-7.
Sobrino, F., Domino, E., 2001. Foot-and-mouth disease in Europe. EMBO Rep. 2, 459–461.
https://doi.org/10.1093/embo-reports/kve122.
Song, Y., Huang, Y., 2016. The application of DNA metabarcoding in the study of soil animal
diversity in Taibai Mountain. Acta Ecol. Sin. 36, 9.
Sonstebo, J.H., Gielly, L., Brysting, A.K., Elven, R., Edwards, M., Haile, J., Willerslev, E.,
Coissac, E., Rioux, D., Sannier, J., Taberlet, P., Brochmann, C., 2010. Using nextgeneration sequencing for molecular reconstruction of past arctic vegetation and climate. Mol. Ecol. Resour. 10, 1009–1018. https://doi.org/10.1111/j.1755-0998.
2010.02855.x.

Pollard, C.M., Booth, S., 2019. Food insecurity and hunger in rich countries—it is time for action against inequality. Int. J. Environ. Res. Public Health 16, 1804. https://doi.org/10.
3390/ijerph16101804.
Pornon, A., Escaravage, N., Burrus, M., Holota, H., Khimoun, A., Mariette, J., Pellizzari, C.,
Iribar, A., Etienne, R., Taberlet, P., Vidal, M., Winterton, P., Zinger, L., Andalo, C.,
2016. Using metabarcoding to reveal and quantify plant-pollinator interactions. Sci.
Rep. 6, 27282. https://doi.org/10.1038/srep27282.
Pornon, A., Andalo, C., Burrus, M., Escaravage, N., 2017. DNA metabarcoding data unveils invisible pollination networks. Sci. Rep. 7, 16828. https://doi.org/10.1038/s41598-01716785-5.
Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Schweiger, O., Kunin, W.E., 2010.
Global pollinator declines: trends, impacts and drivers. Trends Ecol. Evol. 25, 345–353.
https://doi.org/10.1016/j.tree.2010.01.007.
Potts, S.G., Imperatriz-Fonseca, V.L., Ngo, H.T., 2016. The Assessment Report of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services on Pollinators,
Pollination and Food Production.
Poudel, R., Jumpponen, A., Kennelly, M.M., Rivard, C.L., Gomez-Montano, L., Garrett, K.A.,
2019. Rootstocks shape the rhizobiome: rhizosphere and endosphere bacterial communities in the grafted tomato system. Appl. Environ. Microbiol. 85. https://doi.org/10.1128/
AEM.01765-18 (e01765-18).
Quick, J., Loman, N.J., Duraffour, S., Simpson, J.T., Severi, E., Cowley, L., Bore, J.A.,
Koundouno, R., Dudas, G., Mikhail, A., Ouédraogo, N., Afrough, B., Bah, A., Baum,
J.H.J., Becker-Ziaja, B., Boettcher, J.P., Cabeza-Cabrerizo, M., Camino-Sánchez, Á.,
Carter, L.L., Doerrbecker, J., Enkirch, T., Garciá-Dorival, I., Hetzelt, N., Hinzmann,
J., Holm, T., Kafetzopoulou, L.E., Koropogui, M., Kosgey, A., Kuisma, E., Logue,
C.H., Mazzarelli, A., Meisel, S., Mertens, M., Michel, J., Ngabo, D., Nitzsche, K.,
Pallasch, E., Patrono, L.V., Portmann, J., Repits, J.G., Rickett, N.Y., Sachse, A.,
Singethan, K., Vitoriano, I., Yemanaberhan, R.L., Zekeng, E.G., Racine, T., Bello,
A., Sall, A.A., Faye, Ousmane, Faye, Oumar, Magassouba, N., Williams, C.V.,
Amburgey, V., Winona, L., Davis, E., Gerlach, J., Washington, F., Monteil, V.,
Jourdain, M., Bererd, M., Camara, Alimou, Somlare, H., Camara, Abdoulaye, Gerard,
M., Bado, G., Baillet, B., Delaune, D., Nebie, K.Y., Diarra, A., Savane, Y., Pallawo,
R.B., Gutierrez, G.J., Milhano, N., Roger, I., Williams, C.J., Yattara, F.,
Lewandowski, K., Taylor, J., Rachwal, P., Turner, D.J., Pollakis, G., Hiscox, J.A.,
Matthews, D.A., O’Shea, M.K., Johnston, A.M.D., Wilson, D., Hutley, E., Smit, E.,
Di Caro, A., Wolfel, R., Stoecker, K., Fleischmann, E., Gabriel, M., Weller, S.A.,
Koivogui, L., Diallo, B., Keita, S., Rambaut, A., Formenty, P., Gunther, S., Carroll,
M.W., 2016. Real-time, portable genome sequencing for Ebola surveillance. Nature
530, 228–232. https://doi.org/10.1038/nature16996.
Quyen, T.L., Ngo, T.A., Bang, D.D., Madsen, M., Wolff, A., 2019. Classiﬁcation of multiple
DNA dyes based on inhibition effects on real-time loop-mediated isothermal ampliﬁcation (LAMP): prospect for point of care setting. Front. Microbiol. 10, 2234. https://doi.
org/10.3389/fmicb.2019.02234.
Rader, R., Bartomeus, I., Garibaldi, L.A., Garratt, M.P.D., Howlett, B.G., Winfree, R.,
Cunningham, S.A., Mayﬁeld, M.M., Arthur, A.D., Andersson, G.K.S., Bommarco,
R., Brittain, C., Carvalheiro, L.G., Chacoff, N.P., Entling, M.H., Foully, B., Freitas,
B.M., Gemmill-Herren, B., Ghazoul, J., Grifﬁn, S.R., Gross, C.L., Herbertsson, L.,
Herzog, F., Hipólito, J., Jaggar, S., Jauker, F., Klein, A.M., Kleijn, D., Krishnan,
S., Lemos, C.Q., Lindström, S.A.M., Mandelik, Y., Monteiro, V.M., Nelson, W.,
Nilsson, L., Pattemore, D.E., Pereira, N.D.O., Pisanty, G., Potts, S.G., Reemer, M.,
Rundlöf, M., Shefﬁeld, C.S., Scheper, J., Schüepp, C., Smith, H.G., Stanley, D.A.,
Stout, J.C., Szentgyörgyi, H., Taki, H., Vergara, C.H., Viana, B.F., Woyciechowski,
M., 2016. Non-bee insects are important contributors to global crop pollination.
Proc. Natl. Acad. Sci. U. S. A. 113, 146–151. https://doi.org/10.1073/pnas.
1517092112.
Rappé, M.S., Giovannoni, S.J., 2003. The uncultured microbial majority. Annu. Rev.
Microbiol. 57, 369–394. https://doi.org/10.1146/annurev.micro.57.030502.
090759.
Rasmussen, J., Nielsen, M., Mak, S.S.T., Döring, J., Klincke, F., Gopalakrishnan, S., Dunn, R.R.,
Kauer, R., Gilbert, M.T.P., 2021. eDNA-based biomonitoring at an experimental German
vineyard to characterize how management regimes shape ecosystem diversity. Environ.
DNA 3, 70–82. https://doi.org/10.1002/edn3.131.
Rathinasamy, V., Tran, L., Swan, J., Kelley, J., Hosking, C., Williamson, G., Knowles, M.,
Elliott, T., Rawlin, G., Spithill, T.W., Beddoe, T., 2021. Towards understanding the liver
ﬂuke transmission dynamics on farms: detection of liver ﬂuke transmitting snail and
liver ﬂuke-speciﬁc environmental DNA in water samples from an irrigated dairy farm
in Southeast Australia. Vet. Parasitol. 291, 109373. https://doi.org/10.1016/j.vetpar.
2021.109373.
Redondo, M., Berlin, A., Boberg, J., Oliva, J., 2020. Vegetation type determines spore deposition within a forest–agricultural mosaic landscape. FEMS Microbiol. Ecol. 96, ﬁaa082.
https://doi.org/10.1093/femsec/ﬁaa082.
Ricketts, T.H., Regetz, J., Steffan-Dewenter, I., Cunningham, S.A., Kremen, C.,
Bogdanski, A., Gemmill-Herren, B., Greenleaf, S.S., Klein, A.M., Mayﬁeld, M.M.,
Morandin, L.A., Ochieng', A., Viana, B.F., 2008. Landscape effects on crop pollination services: are there general patterns? Ecol. Lett. 11, 499–515. https://doi.org/
10.1111/j.1461-0248.2008.01157.x.
Ritten, C.J., Peck, D., Ehmke, M., Buddhika Patalee, M.A., 2018. Firm efﬁciency and returnsto-scale in the honey bee pollination services industry. J. Econ. Entomol. 111,
1014–1022. https://doi.org/10.1093/jee/toy075.
Rodgers, T.W., Xu, C.C.Y., Giacalone, J., Kapheim, K.M., Saltonstall, K., Vargas, M., Yu,
D.W., Somervuo, P., McMillan, W.O., Jansen, P.A., 2017. Carrion ﬂy-derived DNA
metabarcoding is an effective tool for mammal surveys: evidence from a known
tropical mammal community. Mol. Ecol. Resour. 17, e133–e145. https://doi.org/
10.1111/1755-0998.12701.
Rolf, D., 2005. The metagenomics of soil. Nat. Rev. Microbiol. 3, 470–478. https://doi.org/
10.1038/nrmicro1160.

19

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556
Tsiafouli, M., Thebault, E., Sgardelis, S., de Ruiter, P., van der Putten, W., Birkhofer, K.,
Hemerik, L., de Vires, F., Bardgett, R.D., Brady, M., Bjornlund, L., Jorgensen, H.,
Christensen, S., Hertefeldt, T., Hotes, S., Gera Hol, W., Frouz, J., Liiri, M., Stary, J.,
Wolters, V., Hedlund, K., 2014. Intensive agriculture reduces soil biodiversity across
Europe. Glob. Chang. Biol. 21, 973–985. https://doi.org/10.1111/gcb.12752.
Tsoi, F.M.B., Šlapeta, J., Reynolds, M., 2020. Ctenocephalides felis (cat ﬂea) infestation in
neonatal dairy calves managed with deltamethrin pour-on in Australia. Vet. Parasitol.
279, 109039. https://doi.org/10.1016/j.vetpar.2020.109039.
Tylianakis, J.M., Laliberté, E., Nielsen, A., Bascompte, J., 2010. Conservation of species interaction networks. Biol. Conserv. 143, 2270–2279. https://doi.org/10.1016/j.biocon.
2009.12.004.
United Nation, 2015. Envision 2030 Goal 12: Responsible Consumption and Production. Department of Economic and Social Affairs, New York.
Ushio, M., Murakami, H., Masuda, R., Sado, T., Miya, M., Sakurai, S., Yamanaka, H.,
Minamoto, T., Kondoh, M., 2018. Quantitative monitoring of multispecies ﬁsh environmental DNA using high-throughput sequencing. Metabarcoding and Metagenomics 2,
e23297. https://doi.org/10.3897/mbmg.2.23297.
Utzeri, V.J., Schiavo, G., Ribani, A., Tinarelli, S., Bertolini, F., Bovo, S., Fontanesi, L.,
2018. Entomological signatures in honey: An environmental DNA metabarcoding
approach can disclose information on plant-sucking insects in agricultural and
forest landscapes. Sci. Rep. 8, 9996. https://doi.org/10.1038/s41598-01827933-w.
Utzeri, V.J., Schiavo, G., Ribani, A., Bertolini, F., Bovo, S., Fontanesi, L., 2019. A next generation sequencing approach for targeted Varroa destructor (Acari: Varroidae) mitochondrial DNA analysis based on honey derived environmental DNA. J. Invertebr. Pathol.
161, 47–53. https://doi.org/10.1016/j.jip.2019.01.005.
Valentin, R.E., Maslo, B., Lockwood, J.L., Pote, J., Fonseca, D.M., 2016. Real-time PCR assay
to detect brown marmorated stink bug, Halyomorpha halys (Stål), in environmental
DNA. Pest Manag. Sci. 72, 1854–1861. https://doi.org/10.1002/ps.4217.
Valentin, R.E., Fonseca, D.M., Nielsen, A.L., Leskey, T.C., Lockwood, J.L., 2018. Early detection of invasive exotic insect infestations using eDNA from crop surfaces. Front. Ecol. Environ. 16, 265–270. https://doi.org/10.1002/fee.1811.
Valentin, R.E., Fonseca, D.M., Gable, S., Kyle, K.E., Hamilton, G.C., Nielsen, A.L., Lockwood,
J.L., 2020. Moving eDNA surveys onto land: strategies for active eDNA aggregation to detect invasive forest insects. Mol. Ecol. Resour. 20, 746–755. https://doi.org/10.1111/
1755-0998.13151.
Valentin, R.E., Kyle, K.E., Allen, M.C., Welbourne, D.J., Lockwood, J.L., 2021. The state, transport, and fate of aboveground terrestrial arthropod eDNA. Environ. DNA 3, 1081–1092.
https://doi.org/10.1002/edn3.229.
Van Elsas, J.D., Garbeva, P., Salles, J., 2002. Effects of agronomical measures on the microbial
diversity of soils as related to the suppression of soil-borne plant pathogens. Biodegradation 13, 29–40. https://doi.org/10.1023/A:1016393915414.
Van Zandt, P.A., Johnson, D.D., Hartley, C., LeCroy, K.A., Shew, H.W., Davis, B.T., Lehnert,
M.S., 2020. Which moths might be pollinators? Approaches in the search for the
ﬂower-visiting needles in the lepidopteran haystack. Ecol. Entomol. 45, 13–25. https://
doi.org/10.1111/een.12782.
Vasco, K., Graham, J.P., Trueba, G., 2016. Detection of zoonotic enteropathogens in children
and domestic animals in a semirural community in Ecuador. Appl. Environ. Microbiol.
82, 4218–4224. https://doi.org/10.1128/AEM.00795-16.
Vera-Baceta, M.A., Thelwall, M., Kousha, K., 2019. Web of science and Scopus language
coverage. Scientometrics 121, 1803–1813. https://doi.org/10.1007/s11192-01903264-z.
Visioli, G., D’egidio, S., Sanangelantoni, A.M., 2015. The bacterial rhizobiome of
hyperaccumulators: future perspectives based on omics analysis and advanced microscopy. Front. Plant Sci. 5, 752. https://doi.org/10.3389/fpls.2014.00752.
Vu, Q., Ramal, A.F., Villegas, J.M., Jamoralin, A., Bernal, C.C., Pasang, J.M., Almazan, M.L.P.,
Ramp, D., Settele, J., Horgan, F.G., 2018. Enhancing the parasitism of insect herbivores
through diversiﬁcation of habitat in Philippine rice ﬁelds. Paddy Water Environ. 16,
379–390. https://doi.org/10.1007/s10333-018-0662-y.
Wada, Y., Florke, M., Hanasaki, N., Eisner, S., Fischer, G., Tramberend, S., Satoh, Y.,
van Vliet, M., Yillia, P., Ringler, C., Burek, P., Wiberg, D., 2016. Modeling global
water use for the 21st century: the Water Futures and Solutions (WFaS) initiative
and its approaches. Geosci. Model Dev. 9, 175–222. https://doi.org/10.5194/
gmd-9-175-2016.
Wang, Y., Xin, G., Li, S., 2013. An overview of the updated classiﬁcation system and species
diversity of arbuscular mycorrhizal fungi. Acta Ecol. Sin. 33, 834–843.
Wang, X., Yang, J., Xie, X., Chen, X., Pu, L., Zhang, X., 2020. Soil microbial succession with
soil development since costal reclamation. Catena 187, 104393. https://doi.org/10.
1016/j.catena.2019.104393.
Weiss, M., Jacob, F., Duveiller, G., 2020. Remote sensing for agricultural applications: a
meta-review. Remote Sens. Environ. 236, 111402. https://doi.org/10.1016/j.rse.
2019.111402.
Willcox, B.K., Howlett, B.G., Robson, A.J., Cutting, B., Evans, L., Jesson, L., Kirkland, L., JeanMeyzonnier, M., Potdevin, V., Saunders, M.E., Rader, R., 2019. Evaluating the taxa that
provide shared pollination services across multiple crops and regions. Sci. Rep. 9,
13538. https://doi.org/10.1038/s41598-019-49535-w.
Willerslev, E., Hansen, A.J., Binladen, J., Brand, T.B., Gilbert, M.T.P., Shapiro, B., Bunce, M.,
Wiuf, C., Gilichinsky, D.A., Cooper, A., 2003. Diverse plant and animal genetic records
from holocene and pleistocene sediments. Science (80-. ) 300, 791–795. https://doi.
org/10.1126/science.1084114.
Williams, R.H., Ward, E., McCartney, H.A., 2001. Methods for integrated air sampling and
DNA analysis for detection of airborne fungal spores. Appl. Environ. Microbiol. 67,
2453–2459. https://doi.org/10.1128/AEM.67.6.2453-2459.2001.
Williamson, B.D., Hughes, J.P., Willis, A.D., 2021. A multiview model for relative and
absolute microbial abundances. Biometrics, 1–14 https://doi.org/10.1111/biom.
13503.

Sowunmi, F.A., Famuyiwa, G.T., Oluyole, K.A., Aroyeun, S.O., Obasoro, O.A., 2019. Environmental burden of fungicide application among cocoa farmers in Ondo state, Nigeria. Sci.
African 6, e00207. https://doi.org/10.1016/j.sciaf.2019.e00207.
Srivastava, V., Squartini, A., Masi, A., Sarkar, A., Singh, R.P., 2021. Metabarcoding analysis of
the bacterial succession during vermicomposting of municipal solid waste employing the
earthworm Eisenia fetida. Sci. Total Environ. 766, 144389. https://doi.org/10.1016/j.
scitotenv.2020.144389.
Steinhauer, N., Aurell, D., Bruckner, S., Wilson, M., Rennich, K., VanEngelsdrop, D., Williams,
G., 2021. United States Honey Bee Colony Losses 2020–2021: Preliminary Results.
Sternhagen, E.C., Black, K.L., Hartmann, E., Shivega, W., Johnson, P., McGlynn, R., Schmaltz,
L., Keller, R., Vink, S., Aldrich-Wolfe, L., 2020. Contrasting patterns of functional diversity
in coffee root fungal communities associated with organic and conventionally managed
ﬁelds. Appl. Environ. Microbiol. 86, e00052–20. doi:10 .1128/AEM.00052–20.
Stork, N.E., 2018. How many species of insects and other terrestrial arthropods are there on
earth? Annu. Rev. Entomol. 63, 31–45. https://doi.org/10.1146/annurev-ento-020117043348.
Sulaiman, I.M., Fayer, R., Bern, C., Gilman, R.H., Trout, J.M., Schantz, P.M., Das, P., Lal, A.A.,
Xiao, L., 2003. Triosephosphate isomerase gene characterization and potential zoonotic
transmission of Giardia duodenalis. Emerg. Infect. Dis. 9, 1444–1452. https://doi.org/
10.3201/eid0911.030084.
Susilo, F., Neutel, A., van Noordwijk, M., Hairiah, K., Brown, G., Swift, M., 2004. Soil biodiversity and food webs. In: van Noordwijk, M., Cadisch, G., Ong, C.K. (Eds.), BelowGround Interactions in Tropical Agroecosystems: Concepts and Models with Multiple
Plant Components. CABI Publishing, Wallingford, UK, pp. 285–307 https://doi.org/10.
1079/9780851996738.0285.
Symondson, W., 2002. Molecular identiﬁcation of prey in predator diets. Mol. Ecol. 11,
627–641. https://doi.org/10.1046/j.1365-294X.2002.01471.x.
Taberlet, P., Coissac, E., Pompanon, F., Gielly, L., Miquel, C., Valentini, A., Vermat, T.,
Corthier, G., Brochmann, C., Willerslev, E., 2007. Power and limitations of the chloroplast
trnL (UAA) intron for plant DNA barcoding. Nucleic Acids Res. 35, e14. https://doi.org/
10.1093/nar/gkl938.
Taberlet, P., Coissac, E., Hajibabaei, M., Rieseberg, L., 2012a. Environmental DNA. Mol. Ecol.
21, 1789–1793. https://doi.org/10.1111/j.1365-294X.2012.05542.x.
Taberlet, P., Coissac, E., Pompanon, F., Brochmann, C., Willerslev, E., 2012b. Towards nextgeneration biodiversity assessment using DNA metabarcoding. Mol. Ecol. 21,
2045–2050. https://doi.org/10.1111/j.1365-294X.2012.05470.x.
Taberlet, P., Bonin, A., Zinger, L., Cossiac, E., 2018. Environmental DNA: For Biodiversity Research and Monitoring. First. ed. Oxford University Press, New York https://doi.org/10.
1093/oso/9780198767220.001.0001.
Taylor, L.H., Latham, S.M., Woolhouse, M.E.J., 2001. Risk factors for human disease emergence. Philos. Trans. R. Soc. B Biol. Sci. 356, 983–989. https://doi.org/10.1098/rstb.
2001.0888.
Thomas, A., Tank, S., Nguyen, P., Ponce, J., Sinnesael, M., Goldberg, C.S., 2019. A system for
rapid eDNA detection of aquatic invasive species. Environ. DNA 2, 261–270. https://doi.
org/10.1002/edn3.25.
Thomas, K.M., de Glanville, W.A., Barker, G.C., Benschop, J., Buza, J.J., Cleaveland, S., Davis,
M.A., French, N.P., Mmbaga, B.T., Prinsen, G., Swai, E.S., Zadoks, R.N., Crump, J.A.,
2020. Prevalence of Campylobacter and Salmonella in African food animals and meat:
a systematic review and meta-analysis. Int. J. Food Microbiol. 315, 108382. https://
doi.org/10.1016/j.ijfoodmicro.2019.108382.
Thomsen, P.F., Sigsgaard, E.E., 2019. Environmental DNA metabarcoding of wild ﬂowers reveals diverse communities of terrestrial arthropods. Ecol. Evol. 9, 1665–1679. https://
doi.org/10.1002/ece3.4809.
Todd, J., Simpson, R., Poulton, J., Barraclough, E., Villsen, K., Brooks, A., Richards, K., Jones,
D., 2020. Detecting invertebrate ecosystem service providers in orchards: traditional
methods versus barcoding of environmental DNA in soil. Agric. For. Entomol. 22,
212–223. https://doi.org/10.1111/afe.12374.
Tong, X., Xu, H., Zou, L., Cai, M., Xu, X., Zhao, Z., Xiao, F., Li, Y., 2017. High diversity
of airborne fungi in the hospital environment as revealed by meta-sequencingbased microbiome analysis. Sci. Rep. 7, 39606. https://doi.org/10.1038/
srep39606.
Tordoni, E., Ametrano, C.G., Banchi, E., Ongaro, S., Pallavicini, A., Bacaro, G., Muggia, L.,
2021. Integrated eDNA metabarcoding and morphological analyses assess spatiotemporal patterns of airborne fungal spores. Ecol. Indic. 121, 107032. https://doi.org/
10.1016/j.ecolind.2020.107032.
Torquebiau, E., 2016. How climate change reshufﬂes the cards for agriculture. In: Torquebiau,
E. (Ed.), Climate Change and Agriculture Worldwide. Springer, New York, pp. 1–16
https://doi.org/10.1007/978-94-017-7462-8.
Tournayre, O., Leuchtmann, M., Galan, M., Trillat, M., Piry, S., Pinaud, D., Filippi-Codaccioni,
O., Pontier, D., Charbonnel, N., 2021. eDNA metabarcoding reveals a core and secondary
diets of the greater horseshoe bat with strong spatio-temporal plasticity. Environ. DNA 3,
277–296. https://doi.org/10.1002/edn3.167.
Tran, H.N., Le, G.T., Nguyen, D.T., Juang, R.S., Rinklebe, J., Bhatnagar, A., Lima, E.C., Iqbal,
H.M.N., Sarmah, A.K., Chao, H.P., 2021. SARS-CoV-2 coronavirus in water and wastewater: a critical review about presence and concern. Environ. Res. 193, 110265. https://doi.
org/10.1016/J.ENVRES.2020.110265.
Tremblay, É.D., Duceppe, M.O., Thurston, G.B., Gagnon, M.C., Côté, M.J., Bilodeau, G.J.,
2019. High-resolution biomonitoring of plant pathogens and plant species using
metabarcoding of pollen pellet contents collected from a honey bee hive. Environ. DNA
1, 155–175. https://doi.org/10.1002/edn3.17.
Trivedi, P., Delgado-Baquerizo, M., Anderson, I.C., Singh, B.K., 2016. Response of soil properties and microbial communities to agriculture: implications for primary productivity and
soil health indicators. Front. Plant Sci. 7, 990. https://doi.org/10.3389/fpls.2016.00990.
Trujillo-González, A., Edmunds, R.C., Becker, J.A., Hutson, K.S., 2019. Parasite detection in
the ornamental ﬁsh trade using environmental DNA. Sci. Rep. 9, 5173. https://doi.org/
10.1038/s41598-019-41517-2.

20

J.H. Kestel et al.

Science of the Total Environment 847 (2022) 157556

Wintermantel, W.M., Hladky, L.L., 2010. Methods for detection and differentiation of
existing and new crinivirus species through multiplex and degenerate primer RTPCR. J. Virol. Methods 170, 106–114. https://doi.org/10.1016/j.jviromet.2010.
09.008.
Wyatt, R., 1983. Pollinator-plant interactions and the evolution of breeding systems. In: Real,
L. (Ed.), Pollination Biology. Academic Press INC, Orlando, Florida, pp. 51–95 https://
doi.org/10.1016/b978-0-12-583980-8.50011-9.
Yan, D.F., Mills, J.G., Gellie, N.J.C., Bissett, A., Lowe, A.J., Breed, M.F., 2018. Highthroughput eDNA monitoring of fungi to track functional recovery in ecological
restoration. Biol. Conserv. 217, 113–120. https://doi.org/10.1016/j.biocon.
2017.10.035.
Yoccoz, N.G., Bråthen, K.A., Gielly, L., Haile, J., Edwards, M.E., Goslar, T., Von Stedingk, H.,
Brysting, A.K., Coissac, E., Pompanon, F., Sonstebo, J.H., Miquel, C., Valentini, A., De
Bello, F., Chave, J., Thuiller, W., Wincker, P., Cruaud, C., Gavory, F., Rasmussen, M.,
Gilbert, M.T.P., Orlando, L., Brochmann, C., Willerslev, E., Taberlet, P., 2012. DNA
from soil mirrors plant taxonomic and growth form diversity. Mol. Ecol. 21,
3647–3655. https://doi.org/10.1111/j.1365-294X.2012.05545.x.
Young, R., Milián-García, Y., Yu, J., Bullas-Appleton, E., Hanner, R., 2021. Biosurveillance for
invasive insect pest species using an environmental DNA metabarcoding approach and a
high salt trap collection ﬂuid. Ecol. Evol. 11, 1558–1569. https://doi.org/10.1002/ece3.
7113.
Yue, S., Munir, I.U., Hyder, S., Nassani, A.A., Qazi Abro, M.M., Zaman, K., 2020. Sustainable food production, forest biodiversity and mineral pricing: interconnected
global issues. Resour. Policy 65, 101583. https://doi.org/10.1016/j.resourpol.
2020.101583.
Zenker, M.M., Specht, A., Fonseca, V.G., 2020. Assessing insect biodiversity with automatic
light traps in Brazil: pearls and pitfalls of metabarcoding samples in preservative ethanol.
Ecol. Evol. 10, 2352–2366. https://doi.org/10.1002/ece3.6042.
Zhou, X., Wang, J.T., Zhang, Z.F., Li, W., Chen, W., Cai, L., 2020. Microbiota in the
rhizosphere and seed of rice from China, with reference to their transmission
and biogeography. Front. Microbiol. 11. https://doi.org/10.3389/fmicb.2020.
00995.

Glossary
Amplicon: The gene region and size chosen to be ampliﬁed. Amplicon size choice is based on
how conserved the chosen gene region is for the taxa of interest, as well as the deterioration of
the sample; degraded samples are often targeted for shorter amplicons, while extant samples
can be targeted for longer amplicons.
Assay: The combination of primers used to achieve either species-speciﬁc or multi-species
identiﬁcations.
DNA reference database: Compiled DNA sequences for the barcode region of choice for identiﬁed specimens.
Environmental DNA: Any extracellular DNA isolated and characterised from biological substrates including; soil, scats (faeces), plant material and water.
eDNA monitoring: Monitoring using trace amounts of degraded DNA fragments from biological
substrates to provide either single (barcoding) or multi-species identiﬁcations (metabarcoding).
Food security: The physical, social and economic access to safe and nutritious food.
Metabarcoding: Ampliﬁcation, sequencing and alignment of multi-species identiﬁcations from
an environmental sample.
High-Throughput Sequencing (HTS) technologies: Massively parallel or deep sequencing platforms able to generate reads from millions of DNA fragments simultaneously.
OTU: A molecular Operational Taxonomic Unit (OTU) assigned to an organism or group of
organisms based on sequence similarity to a reference sequence (generally over 97 %).
Pathogen: An organism capable of causing host damage and disease.
Pest: An organism that damages, destroys or transmits/causes disease which harm species or
alter the structure and functioning of natural or anthropogenic ecosystems.
Primer: Species-speciﬁc or universal primers are used which amplify conserved regions present
at the level of phylum, order, family, or genus. For a universal primer, a standardised locus
with highly conserved priming sites is ampliﬁed from the target DNA; the resulting amplicons
contain sufﬁcient variability to assign taxonomic identiﬁcations. While for a species-speciﬁc
primer, a gene region is chosen which is divergent from other closely-related species and able
to provide species differentiation.
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